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ABSTRACT
In th is  t h e s i s  i n s t a b i l i t i e s  which occur in  the plasma tube o f  
an argon io n  la s e r  are examined. Coherent o s c i l la t io n s  in  the 
d isch arge p o te n t ia l  across the plasma tube are found to  be a usual 
fea tu r e  o f  an argon la s e r .  The l i g h t  output o f  the la s e r  i s  shown 
to  be modulated by th ese  o s c i l l a t io n s  only  i f  the d isch arge current i s  
m odulated. I t  i s  found th at th ese  o s c i l la t io n s  are due to i n s t a b i l ­
i t i e s  in  the anode zone o f the gas d isch a rg e .
The o s c i l la t io n s  occu rrin g  w ith in  the anode zone o f  an argon 
la s e r  have been s tu d ie d  u s in g  o p t ic a l  and Langmuir probe tech n iq u es . 
The o s c i l la t io n s  are d iscu sse d  in  terms o f  a phenom enological model 
due to Pupp. Many of the observed fea tu r e s  of the o s c i l la t io n s  can 
be d escrib ed  in  terms of th is  model.
The va lu es  o f the anode f a l l  th a t  have been observed  in  the argon 
la s e r  are s u b s ta n t ia l ly  l e s s  than would be exp ected  on the b a s is  o f  
e a r l i e r  work on glow d isch a rg es in  argon. Ih is  i s  d iscu sse d  and an 
estim a te  o f  the anode f a l l  i s  made which i s  c lo s e r  to  the observed  
valu e than th at p r e d ic te d  by Von E n gef’ s theory o f the anode f a l l ,
A sim ple m athem atical model o f  the anode zone i s  p resen ted  and i t  i s  
shown th a t under the co n d itio n s  appropriate to  an argon la s e r  the  
anode f a l l  i s  n o t exp ected  to  be s t a b le .  These i n s t a b i l i t i e s  in  the
anode zone o f  the plasma tube, w h ile  they appear to  be a normal
fea tu re  o f  the argon la s e r  d isch a rg e , do not n e c e s s a r i ly  m odulate the 
la s e r  l i g h t .  I t  i s  show n .th at i f  the power supply fo r  the la s e r  has 
a h igh  output impedance a t  the frequency o f the o s c i l la t io n s  then the
m odulation o f the l ig h t  may be reduced to a n e g l ig ib le  l e v e l .
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CHAPTER 1
INTRODUCTION
1 .1  The Argon Ion Laser
The argon ion  la s e r  i s  the gas la s e r  which op erates w ith  the  
h ig h e s t  powers o f continuous wave r a d ia tio n  in  the v i s i b l e  reg io n  o f  
the spectrum . It op era tes in  the b lu e -g reen  reg ion  (s tr o n g e s t  l in e s  
488 nm and 514 .5  nm) , where the s e n s i t i v i t y  o f  p h o t o - e le c tr ic  
d e te c to r s  i s  g r e a te s t .  This com bination o f high, power and sh o r t  
w avelength makes the argon io n  la s e r  a u se fu l source o f  coherent  
l i g h t  fo r  o p t ic a l  s c a t t e r in g  experim ents ( e .g .  Raman or B r illo u in  
s c a t t e r in g ) .  To record  the sm all s ig n a ls  which are c h a r a c te r is t ic  
of th ese  s c a t t e r in g  p r o c e s s e s , i t  i s  e s s e n t ia l  to  reduce n o is e  to a 
minimum. In the argon la s e r  d isch arge there are many sources o f  
n o is e  (1 ) . Amplitude n o ise  takes the form o f  random f lu c tu a t io n s  
o f power (white n o is e )  o f te n  w ith  a coherent m odulation superim posed  
(the frequency o f  the m odulation i s  u su a lly  between 5 and 100 KHz).
I t  i s  the source o f  the am plitude n o is e ,  e s p e c ia l ly  the coherent 
m odulation , th a t i s  the su b je c t  o f  th is  t h e s i s .
The a c t iv e  medium o f  an argon ion  la s e r  i s  an e l e c t r i c  d isch arge  
o f  h igh  current d e n s ity  (100 -  700 A cmT^) in  low p ressu re  argon 
(0 .1  -  0 .6  t o r r ) . The e x c it a t io n  mechanisms r e sp o n s ib le  for  the 
la s e r  a c tio n  and the p r o p e r tie s  o f the d isch arge have been the 
su b je c t  o f many in v e s t ig a t io n s .  An e x c e l le n t  review  by K itaeva e t  a l  
(2) d is c u ss e s  most o f  what i s  known about the argon l a s e r .  More 
recen t s tu d ie s  o f the spontaneous l ig h t  em itted  by the d isch arge (3) 
have provided  new in form ation  about the e le c tr o n  d e n s ity  and e le c tr o n  
tem perature in  the d isch a rg e , bu t th is  u n fortu n ate ly  d isa g re e s  w ith  
the r e s u lt s  o f o th er  measurements both  in  magnitude and in  the way in  
which the param eters vary ( 2 ) ,  There i s  as y e t  no a lto g e th e r  
s a t is fa c t o r y  understanding o f  the argon la s e r  d isch a rg e .
The la rg e  power d is s ip a t io n  in  an argon la s e r  d isch arge  (100 -  
500 W per cm len g th  o f d isch arge  c a p il la r y )  make the c o n str u c tio n  o f
- 2“
a s u ita b le  d isch arge  tube d i f f i c u l t .  Fused s i l i c a  and b e r y l l ia  are  
two e l e c t r i c a l l y  in s u la t in g  m a te r ia ls  w ith  good therm al co n d u c tiv ity  
th a t have been used s u c c e s s f u l ly .  A lte r n a t iv e ly , a conducting  
m a ter ia l may be used i f  the tube i s  d iv id ed  in to  segm ents in su la te d  
from one another. Graphite and var iou s m etals have been used in  
segmented la s e r  tubes ( 4 ) .  The la s e r  tube used in  the in v e s t ig a t io n s  
rep orted  here was o f a l l  m etal co n str u c tio n  (see  Appendix A l) ,  some 
fea tu r e s  o f such la s e r s  have been d escrib ed  by Cornish and M aitland (5)
1 .2  Amplitude N oise in  Gas Lasers
The fundam ental lower l im it  on the am plitude n o ise  o f a s in g le  
mode la s e r  i s  determ ined by spontaneous em iss io n . The sem i- 
c la s s i c a l  model o f  the la s e r  p r e d ic ts  th a t the n o ise  spectrum  o f  a 
la s e r  due to spontaneous e m iss io n  d ecreases in  am plitude and in c r e a se s  
in  bandwidth as the la s e r  power i s  in crea sed  (6 pp 2 8 8 -2 9 2 ),
Provided the la s e r  i s  o p era tin g  fa r  above th resh o ld  so th a t the 
coherent power ra d ia ted  in to  the c a v ity  mode by stim u la ted  em ission  
i s  much g rea ter  than the in coh eren t power ra d ia ted  sp ontaneously  in to  
the mode, then the n o ise  due to  spontaneous em ission  i s  very  sm a ll. 
Although spontaneous em issio n  n o is e  has been d etec ted  near th resh o ld  
(7 ,8 )  i t  i s  g e n e r a lly  n e g l ig ib le  when compared w ith  oth er  sou rces o f  
n o is e  in  a p r a c t ic a l  la s e r .
In order to measure the n o is e  spectrum o f a la s e r  the r a d ia tio n  
i s  d e tec te d  w ith  a p h o to -d e te c to r  (u su a lly  a p h o to m u ltip lie r  or a 
p h o to -d io d e). The sh o t n o is e  o f the d e te c to r  i s  the low est n o is e  
le v e l  th a t may be ob served . Any n o ise  above the sh o t n o is e  i s  
re fe r re d  to as the e x c ess  n o is e  o f  the la s e r  (7 ) ,
Excess n o is e  has been stu d ie d  in  He Ne and argon ion  la s e r s ,  
b u t i s  u su a lly  much g rea ter  fo r  argon la s e r s  ( 1 ) ,  The n o is e  takes  
the form o f a continuous random n o is e  spectrum  superim posed on which 
th ere  may be peaks o f n o ise  a t  d is c r e te  freq u en cies  ( 9 ,1 0 ,1 1 ) ,
- 3”
The coherent o s c i l la t io n s  th a t  produce n o is e  a t  d is c r e te  
freq u en cies  in  He Ne la s e r s  have been a ttr ib u te d  to  moving s t r ia t io n s  
in  the p o s i t iv e  column o f the d isch arge (9) and to  o s c i l la t io n s  
a sso c ia te d  w ith  the n eg a tiv e  s lo p e  o f  the v o lta g e  curren t c h a r a c te r is t ic  
o f  the d isch arge (1 0 ). In argon ion  la s e r s  the d is c r e te  frequency  
components o f the la s e r  n o is e  have been a ttr ib u te d  to o s c i l la t io n s  in  
the anode reg ion  o f the d isch arge (1 1 ,1 2 ) ,
I t  has been shown th at for  a He Ne la se r  there i s  a c o r r e la t io n  
between the d isch arge cu rren t n o ise  and the la s e r  l ig h t  n o ise  which 
extends over a wide range o f  n o is e  frequency Cl -  100 KHz) (7 ) .
The d isch arge cu rren t n o ise  i s  independent o f  whether or n o t the  
la s e r  i s  o s c i l l a t i n g ,  so th a t i t  appears th at the n o is e  on the la s e r  
l i g h t  i s  a r e s u l t  o f the d isch arge curren t n o is e ,  a lthough i t  has n ot  
been dem onstrated th a t s t a b i l i z i n g  the d isch arge curren t reduces the  
n o is e  o f  the la s e r  ou tp u t,
Suzuki (12) has shown th a t fo r  an argon io n  la s e r  the r e la t io n  
between the coherent o s c i l la t io n s  o f  the d isch arge v o lta g e  and the  
m odulation o f  the la s e r  l ig h t  i s  c o n s is te n t  w ith  the assum ption th at  
the m odulation o f  the l ig h t  i s  due to  m odulation o f the d isch arge  
cu rren t. I t  i s  shown in  the p r e sen t work (chapter 2) th a t i f  the 
d isch arge  curren t i s  h e ld  co n sta n t anode o s c i l la t io n s  o f  the type 
observed by Suzuki (12) and Galehouse e t  a l (11) do n o t m odulate the  
la se r  l i g h t ,  even though the d isch arge v o lta g e  i s ‘\m odulated w ith  a 
peak to  peak am plitude o f 10 -  15 V.
1 .3  Anode O s c il la t io n s
I t  i s  shown in  chapters 2 and 3 th a t the o s c i l la t io n s  th at occur  
in  the plasma tube o f an argon la s e r  (d escrib ed  in  Appendix Al) are 
due to o s c i l la t io n s  in  the anode f a l l  o f  the d isch a rg e . This i s  
c o n s is te n t  w ith  the o b serv a tio n s o f  Suzuki (12) and Galehouse e t  a l (1 1 ) .  
The mechanism of such anode o s c i l la t io n s  i s  n o t c le a r ly  understood
although they have been observed in  a wide v a r ie ty  o f d i f f e r e n t  gas 
d isc h a r g e s ,
One of the e a r l i e s t  s tu d ie s  o f anode o s c i l la t io n s  was by Pupp 
(1 3 ) , who observed  o s c i l l a t io n s  of the anode f a l l  in  d isch arges in  
argon a t a p ressu re  o f  around 1 to r r , and w ith  a d isch arge  cu rren t o f  
around 1 A, Since then anode o s c i l la t io n s  have been observed in  
gas d isch arges over q u ite  wide ranges o f  p ressu re  and cu rren t (0 .1  -  
50 to r r ,  1 mA-100 A ), and in  a number o f gases (Ar, Ne, He, and Hg)
(13, 14, 1 5 ) . The o s c i l la t io n s  are u su a lly  lin k ed  w ith  "glow b a l ls "  
th a t appear on the anode (13 , 1 4 ) . These are sm all h ig h ly  luminous 
sp o ts  which em it l ig h t  in  p u lse s  w ith  a r e p e t i t io n  frequency equal to  
the frequency o f the o s c i l la t io n s  (1 5 ) . Sometimes, there may be 
more than one "glow b a l l" ,  in  which case they em it l ig h t  a l te r n a t e ly  
(1 5 ) , (1 6 ).
The "glow b a l l s " o f te n  appear to be lin k ed  w ith  moving s t r ia t io n s  
(17, 1 8 ) , However, moving s t r ia t io n s  have been observed in  the 
p o s i t iv e  column when the anode f a l l  i s  s ta b le  (1 9 ) , and o s c i l l a t in g  
"glow b a lls "  may occur w ith ou t moving s t r ia t io n s  (1 7 ) . The apparent 
l in k  between the "glow b a l ls "  and the s t r ia t io n s  may be a secondary  
e f f e c t ,  as the l a t e s t  s tu d ie s  o f moving s t r ia t io n s  (20) do n ot l in k  
them in  any way w ith  p r o cesses  occu rrin g  a t  the anode.
There i s  no s a t i s fa c t o r y  theory o f anode o s c i l l a t i o n s .  Pupp (13) 
proposed a phenom enological model which d escr ib es  the main fea tu res  
o f the o s c i l l a t i o n s .  In chapter 3 th is  model i s  d iscu sse d  in  r e la t io n  
to the o s c i l la t io n s  observed in  the argon ion  la s e r .  The weakness 
o f the model i s  th a t i t  does n o t provide any in d ic a t io n  o f  the 
co n d itio n s under which the anode f a l l  w i l l  be u n sta b le .
An a lte r n a t iv e  theory o f anode o s c i l la t io n s  a s so c ia te d  w ith  
"glow b a l ls "  has been g iven  by Grossu (2 1 ), He a t tr ib u te s  the  
o s c i l la t io n s  to  stan d in g  io n ic  sound waves w ith in  the "glow b a l l" .
The theory i s  based on the o b serv a tio n  th at the product o f the
“ 5 -
frequency o f  the o s c i l l a t io n  and the diam eter o f  the glow b a l l  i s  
approxim ately co n sta n t. This theory can not be a p p lied  to the 
o s c i l la t io n s  observed  in  an argon ion  la s e r  s in c e ,  in  most ca ses  the 
exp ected  w avelength o f  io n ic  sound waves at the frequency o f the 
o s c i l la t io n s  i s  la rg e  compared w ith  the dim ensions o f the d isch arge  
tube. I t  i s  a ls o  d i f f i c u l t  to  se e  how th is  theory can e x p la in  the 
high  in te n s i ty  p u lse s  o f l ig h t  observed by Ogwa (1 5 ) , or the  
ob serva tion s o f  the l ig h t  em itted  from the anode glow which are 
d escrib ed  in  chapter 3,
In chapter 5 a new model fo r  the anode f a l l  i s  d is c u ss e d , and i t  
i s  shown th at the model p r e d ic ts  th a t the anode f a l l  shou ld  be 
u n stab le  w ith  d isch arge c o n d itio n s  appropriate  to  an argon la s e r ,
1 ,4  Excess N oise A sso c ia ted  w ith  the O p tica l Cavity o f a Laser
A s ig n if ic a n t  c o n tr ib u tio n  to the n o ise  o f  a la s e r  i s  o f te n  due 
to m echanical v ib r a tio n s  o f  the o p t ic a l  components w ith in  the la s e r  
c a v ity . This produces frequency j i t t e r  by vary in g  the o p t ic a l  path 
len gth  w ith in  the c a v ity ,  and may a lso  produce am plitude n o ise  by 
vary in g  the c a v ity  lo s s e s  ( e ,g ,  by m isa lig n in g  the m ir r o r s ) . In  an 
argon ion  la s e r ,  the h igh  flow  r a te  o f the c o o lin g  w ater round the 
la s e r  c a p i l la r y  i s  a source o f v ib r a tio n  which i s  d i f f i c u l t  to  
e lim in a te . In the plasma j e t  la s e r  (2 2 ) , used in  the experim ents 
d iscu sse d  h e r e , the la rg e  ro tary  vacuum pump i s  an a d d it io n a l source  
o f  low frequency v ib r a t io n s ,
A more fundam ental n o is e  source a s so c ia te d  w ith  m ulti-m ode o p t ic a l  
c a v it ie s  i s  mode co m p etitio n . In a m ulti-m ode la s e r  there are two
d i s t in c t  o p era tin g  c o n d it io n s . The modes may be lock ed  in  phase, so  
th at they have a d e f in i t e  phase r e la t io n  between one an oth er, in  which  
case the la s e r  i s  sa id  to be mode lock ed . A lt e r n a t iv e ly ,  the modes 
may be unlocked, in  which case the phase r e la t io n  between the modes 
i s  not s ta b le  and changes randomly w ith  tim e. I f  the modes are
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lo ck ed , then they have a s ta b le  spectrum  in  the frequency domain, each  
mode having a s ta b le  am plitude. I f  the modes are un locked , then the  
mode spectrum  i s  u n s ta b le , and modes in c re a se  and decrease  in  am plitude  
in  a random manner. This i s  due to  com p etition  betw een the modes for  
the same p op u la tion  o f  e x c ite d  s t a t e s ;  f i r s t  one mode i s  favoured and 
dominates then another (2 3 ),
Both a x ia l  modes and tra n sv erse  modes may be phase lock ed  (2 4 ),  
b u t i t  i s  u sual to  suppress a l l  but the fundamental T.E.M.^^ tra n sv erse  
mode (by the use o f  an apperture i f  n e c e s s a r y ) . I f  the h ig h er  order  
tran sverse  modes are su p p ressed , then a dram atic r ed u ctio n  o f  low 
frequency n o is e  (20 dB) i s  ob ta in ed  by phase lo c k in g  the a x ia l  modes 
(23 , 2 5 ) .
The modes may lock  sp ontaneously  (26 , 2 7 ) , although i t  i s  in  
general more r e l ia b le  to use one of the mode lo ck in g  techn iqu es th at  
have been d ev ised . One m ethod, th a t has been w id e ly  used to  induce  
mode lo c k in g , i s  to  modulate the c a v ity  in te r n a l ly  a t the mode 
sp acin g  frequency ( e ith e r  phase or lo s s  m odulation may be u sed ).  
A nother, common method i s  to  in c lu d e  a sa tu ra b le  absorber in  the c a v ity  
Mode lo ck in g  techn iqu es have been review ed by Smith (2 4 ),
The low frequency n o is e  o f a mode lock ed  la s e r  i s  l e s s  than th a t  
o f  a fr e e  running l a s e r ,  but the output i s  u su a lly  a tr a in  o f  p u lse s  
whose r e p e t i t io n  frequency i s  a m u lt ip le  o f  the mode sp acin g  frequ en cy. 
However there i s  one e x c e p tio n , and th a t i s  the s p - c a l le d  F.M. la s e r ,  
in  which the c a v ity  is- in te r n a l ly  phase-m odulated a t a frequency  
s l i g h t ly  detuned from the c a v ity  mode sp a c in g . The output o f such a 
la s e r  i s  a frequency-m odulated (F.M,) wave o f  con stan t am plitude.
The o p era tio n  of an F.M. la s e r  has been dem onstrated by H arris and 
Targ (2 8 ). The theory o f  P.M. mode lo ck in g  has been d iscu sse d  by 
H arris and McDuff (29) u sin g  Lamb’ s s e m i-c la s s ic a l  theory o f the  
la s e r  (3 0 ). Lamb’s theory  expands the e l e c t r i c  f i e l d  in  the o p t ic a l  
c a v ity  as a s e t  o f stan d in g  w aves. An a lte r n a t iv e  treatm ent o f  F.M.
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modes in  a p a ss iv e  c a v ity  has been g iven  by the author (3 1 ) , in  which 
the e l e c t r i c  f i e l d  i s  tr e a te d  as two phase-m odulated t r a v e l l in g  waves 
both  two m irror and r in g  c a v i t ie s  are con sid ered . A copy o f th is  
paper i s  in c lu d ed  in  appendix A6,
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CHAPTER 2
DISCHARGE CURRENT NOISE IN AN ARGON LASER
2 .1  The E f fe c t  o f the E xtern a l C ir c u it
Coherent o s c i l la t io n s  have been found to  occur w ith in  the plasma 
tube o f  a m etal clad  argon la s e r  (d escr ib ed  in  appendix Al) and th ese  
o s c i l la t io n s  o f te n  co n tr ib u te  to the am plitude n o ise  of the la se r  
l i g h t .  The o s c i l la t io n s  have th e ir  o r ig in  in  the plasma w ith in  the  
d isch arge  tu b e. There i s  however an in te r a c t io n  betw een the 
o s c i l la t io n s  and the e x te r n a l c i r c u i t .  This in te r a c t io n  i s  im portant 
in  understanding the m odulation o f the la s e r  l ig h t  by the o s c i l la t io n s  
and w i l l  be con sid ered  f i r s t .
The o s c i l la t io n s  m odulate the d isch arge  v o lta g e  and the d isch arge  
cu rren t. (The e f f e c t  o f the o s c i l la t io n s  on the l i g h t  output o f the  
la s e r  i s  con sid ered  in  s e c t io n  2 ,3 ) ,  The r e la t io n  between the 
disch arge v o lta g e  m odulation V(w), and the d isch a rg e  curren t I(w) a t  a 
frequency w i s  determ ined by the output impedance o f the d isch arge  
power supply Z(m), The cu rren t m odulation i s  g iv en  b y ,
I(w) = -  V(w)/Z(w).
The n e g a tiv e  s ig n  a r is e s  s in c e  the convention  i s  used th a t I  and V are  
taken as p o s i t iv e  when the m odulation v o lta g e  and cu rren t are in  the 
same d ir e c t io n  as the stea d y  s ta t e  v o lta g e  and cu rren t.
The m odulation curren t i s  observed on an o s c i l lo s c o p e  connected  
across a low va lu e  (0 .2  Î2) r e s i s t o r  in  s e r ie s  w ith  the d isch arge  
tube. With the d isch arge tube connected d ir e c t ly  to  the motor 
generator power su p p ly , w ith ou t a s e r ie s  in d u cto r . (Appendix Al)^ both  
v o lta g e  and current o s c i l l a t io n s  are observed . The v o lta g e  and 
current waveform are n o t the same ( f i g .  2 .1 ) .  The d isch arge  current 
appears to  ’r in g ’ at about 100 KHz. The frequency a t  which the 
r in g in g  occurs i s  independent o f the fundamental frequency o f the 
v o lta g e  o s c i l l a t i o n s .  This su g g e s ts  th a t i t  i s  due to a resonance
f ig 2.1 Upper  t r a c e ,  d i s c h a r g e  v o l t a g e  ( 8 V / d i v . )
Lower  t ra c e ,  d i s c h a r g e  c u r r e n t  ( 2 A / d i v . l  
H or izo n ta l  s c a l e  20  p s e c / d i v .
fig 2 . 2  Upper  t r a c e ,  d i s c h a r g e  c u r r e n t  ( 2 A /d iv . )  
Lo we r  t r a c e ,  v o l t a g e  b e t w e e n  a d j a c e n t  
s e g m e n t s  I 0 3 V/div.)
H o r i z o n t a l  s c a l e  2 0  u s e c / d i v .
in  the e x te r n a l c i r c u i t .  I f  the r in g in g  frequency i s  a low order  
harmonic o f  the fundam ental o s c i l l a t i o n  frequency, then the current 
i s  s tr o n g ly  modulated (g r e a te r  than 2 A peak to p eak ). I t  seems th a t  
the output impedance o f  the motor generator has a resonance a t a 
frequency o f 100 KHz, and goes through a minimum.
I f  the o s c i l l a t io n  frequency i s  the same as the e x te r n a l resonance  
freq u en cy , the o s c i l l a t io n s  become very s ta b le .  In t h is  ease  the  
frequency of the o s c i l la t io n s  may remain con stan t as the d isch arge  
cu rren t and system  p ressu re  are v a r ie d . This behaviour i s  very  
d if f e r e n t  from th at when an in d u ctor  i s  in clu d ed  in  s e r ie s  w ith  the  
tube to keep the current con stan t (see  chapter 3 f i g ,  3 ) .
2 ,2  The L o c a liz a t io n  of the O s c il la t io n s
Suzuki (12) and Galehouse e t  a l (11) a t tr ib u te  the o s c i l la t io n s  
they observed in  th e ir  argon la s e r s  to i n s t a b i l i t i e s  in  the anode 
reg ion  o f  the d isch a rg e . The segmented m etal tube provides a 
conven ien t method o f lo c a t in g  the o s c i l l a t i o n s ,  to see  i f  they occur  
in  the c a p il la r y  r e g io n , or the anode or cathode r e g io n s . The 
segments are used as probes to measure f lu c tu a t io n s  in  space  
p o t e n t ia l ,  averaged over the len g th  o f the segm ent. The use of 
segments as probes fo r  stu d y in g  d isch arge param eters has been d iscu sse d  
by M aitland and Cornish (3 2 ).
The v o lta g e  o s c i l l a t io n s  between segments have been measured 
u sin g  an o s c i l lo s c o p e  w ith  a d i f f e r e n t ia l  a m p lif ie r . The v o lta g e  
m odulation between ad jacen t segm ents i s  the same along the len g th  o f  
the tu b e, and fo llo w s  the curren t o s c i l la t io n s  ( f i g ,  2 ,2 ) .  The 
v o lta g e  o s c i l la t io n s  across a l l  8 segments have a peak to  peak 
am plitude o f  about 2 V, A c a r e fu l check o f  the phase r e la t io n  
between the current and v o lta g e  betw een segments ru led  out the  
p o s s ib i l i t y  o f t r a v e l l in g  waves or moving s t r ia t io n s  w ith in  the la s e r  
c a p i l la r y .
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The v o lta g e  o s c i l la t io n s  betw een the anode and the segment n e a r e s t  to  
i t  are o f la rg e  am plitude (13 V) and the waveform c lo s e ly  approxim ates 
th a t a cross the w hole tu b e. The v o lta g e  between the cathode and the 
segment n e a r e st  to i t  i s  a lm ost the same as that between the segm ents.
I f  an in d u ctor  o f  20 mH i s  connected in  s e r ie s  w ith  the la s e r  
d isch arge  the cu rren t m odulation i s  reduced to a l e v e l  which can n ot  
be d e tec te d  ( le s s  than 100 mA peak to p eak ), and o s c i l la t io n s  are not  
observed in  the v o lta g e  betw een segm ents. There are however stro n g  
o s c i l la t io n s  (13 V) betw een the anode and the segment n e a r e st  to  i t .
When the d i f f e r e n t ia l  a m p lif ie r  i s  connected between the anode and 
the copper cy lin d er  which co n fin e s  the plasma in  the anode reg io n  o f  
the la s e r  (Appendix A l) ,  th e se  stron g  o s c i l la t io n s  are s t i l l  observed .
From th ese  o b s e r v a tio n s , i t  i s  concluded th a t the observed  
o s c i l la t io n s  occur in  a re g io n  o f  the d isch arge c lo s e  to the anode, 
and n ot in  the la s e r  c a p i l la r y .  The o s c i l la t io n s  on ly  In te r a c t  w ith  
the plasma in  the la s e r  c a p i l la r y  i f  the d isch arge curren t i s  modulated.
2 .3  M odulation o f  the Laser Output Power
The m odulation of the la s e r  power has been d e tec te d  w ith  a f a s t  
photo-d iode (H ew lett Packard type hpa 42033). The response time of 
the d e te c to r  i s  l im ite d  by the time con stan t o f  the load r e s i s t o r  and 
s tr a y  c a p a c ity . A load  r e s i s t o r  o f 3 .3  i s  used as th is  en ab les  
a s a t is fa c t o r y  s ig n a l  to  be ob tain ed  w ith ou t d is s ip a t in g  e x c e s s iv e  
la s e r  power in  the d iod e . A s in g le  t r a n s is to r  v o lta g e  fo llo w e r  i s  
used to  match the 3 .3  KC< load  r e s i s t o r  to the 70 ohm c o -a x ia l  cab le  
to  the o s c i l lo s c o p e ,  and reduce the s tr a y  ca p a c ity  a cross the load  
r e s i s t o r  ( f i g .  2 .3 ) .  The r i s e  tim e of the v o lta g e  fo llo w e r  i s  b e t te r  
than 0 .5  p sec . The response o f  the photo-d iode i s  much f a s t e r  than 
the v o lta g e  fo llo w e r .
When the in d u ctor  i s  connected in  s e r ie s  w ith  the la s e r  tube no 
m odulation o f  the l i g h t  can be d e tec te d  a t the frequency o f the
/ h p a  &20 33
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o s c i l l a t io n s ,  The dominant sou rces o f n o is e  are the low  frequency  
r ip p le  from the motor g en era to r , and the v ib r a tio n  o f the o p t ic a l  
c a v ity . This shows th a t the o s c i l la t io n s  only m odulate the la s e r  
l ig h t  i f  they are a llow ed  to  modulate the d isch arge cu rren t.
With the la se r  connected d ir e c t ly  to the motor g en era to r , some 
m odulation i s  observed , and the l i g h t  waveform fo llo w s  the cu rren t.
The depth o f the curren t and l ig h t  m odulation depend on the frequency  
and are on ly  stro n g  i f  the frequency i s  c lo s e  to the ’reson an ce’ 
d iscu sse d  in  s e c t io n  2 ,1 ,  In order to observe more r e a d ily  the 
r e la t io n  between the curren t and l i g h t  m odulation the c ir c u i t  shown 
in  f i g ,  2 ,4  was used to  sim u la te  a power supply w ith  a low output 
impedance. Provided the frequency o f the o s c i l la t io n s  i s  much 
g r e a te r  than the reson an t frequency o f the L.C. c i r c u i t  (3 ,5  KHz) 
the la s e r  ’ s e e s ’ a sou rce impedance equal to that o f  the r e s i s t o r  
and c a p a c ito r . This i s  very c lo s e  to 6 ohms at the freq u en cies  o f  
in t e r e s t  h e r e . The va lu e  was chosen to  be o f  the same order as the 
va lu e  o f the b a l la s t  r e s i s t o r  used w ith  sim ple la s e r  power s u p p lie s .
The am plitude o f the cu rren t m odulation Al i s  c a lc u la te d  from the 
v o lta g e  across the 6 ohm r e s i s t o r .  The peak-to-peak  am plitude o f  
the curren t m odulation i s  found to  be 0 .8  A and independent o f  the  
average d isch arge cu rren t for  the 3 m.m, la s e r .  The l ig h t  m odulation  
fo llo w s  th at o f  the curren t ( f i g .  2 ,5 ) .  The peak -to -p eak  am plitude  
o f  the l ig h t  m odulation i s  measured as a fr a c t io n  o f  the average power, 
This i s  found to be 11% a t  a curren t o f 20 A and 5.8% a t  a current of  
30 A fo r  the 3 m.m, l a s e r .  The percentage m odulation o f  the current 
was 4% and 3,2% r e s p e c t iv e ly .
The r a t io  o f the m odulation depth o f the la s e r  power AP/P to the 
m odulation depth o f  the current A I /I  fo r  an argon la s e r  has been  
examined by Suzuki (1 2 ) , who found a r a t io  of 2 a t low fr e q u e n c ie s , 
which decreased  w ith  in c r e a s in g  frequency. The low frequency value  
depends on the r e la t io n  betw een the power P and the current I .
fig 2 .5  Upper  t r a c e  d i s c h a r g e  c u r r e n t  (1*2 A/div.)  
L o w e r  t r a c e  l a s e r  l ight  
H o r i z o n t a l  s c a l e  10 u s e c .  /div.
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In appendix A2.1 i t  i s  shown th a t fo r  the 3 m.m, la s e r  th e  low  
frequency va lu e  o f  the r a t io  should  range from 4 .5  a t  20 A to  2 at 
40 A. The r a t io  was 2 .8  a t  20 A (53 KHz) and 1 .8  a t  30 A (77 KHz). 
These v a lu es  are s u b s t a n t ia l ly  l e s s  than the p re d ic te d  low frequency  
v a lu e s ,
I f  th is  lower v a lu e  of the r a t io  o f AP/P to A l/I  i s  due to  the 
l i f e t im e  o f the e x c ite d  s ta t e s  and the l i f e t im e  o f the r a d ia tio n  in  
the c a v ity  as d iscu sse d  by Suzuki (12) then the phase o f  the l ig h t  
m odulation should  be retarded w ith  r e sp e c t  to the current m odulation, 
No such e f f e c t  could  be ob served .
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CHAPTER 3
TRANSIENT PHENOMENA IN THE ANODE REGION
In, chapter 2 experim ents are d escrib ed  which in d ic a te  th a t the 
coheren t o s c i l la t io n s  which m odulate the d isch arge v o l ta g e , and under 
c e r ta in  circum stances the la s e r  l ig h t ,  are due to i n s t a b i l i t i e s  in  the 
anode zone o f  the la s e r  d isch a rg e . This chapter takes the form o f  a 
paper which d e scr ib es  experim ents th a t  have been performed to  
in v e s t ig a te  th ese  o s c i l l a t i o n s ,  and d is c p ss e s  a phenom enological 
model for the o s c i l l a t io n s .
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• Abstract Coherent anode oscillations occuring in an argon ion laser are examined. ' 
Time-resolved spectra of the light emission from the anode zone are compared with the 
voltage oscillations, A simple model for anode oscillations is compared with the expert 
mental data,
■ I, ImtroducdoH
Hid voltage across an argon ion laser discharge tube is frequently found to be modulated 
by coherent oscillations with an amplitude of between 10 and IS V. These oscillations 
are usually in the frequency range 1 to 100 kHz. Such oscillations have been studied by 
Galebouse ef a/ (1971) and by Suzuki (1971). Suzuki showed that the laser light was 
modulated by these oscillations, and that the amplitude of the modulation of the light 
decreased as the ballast resistor in series with the discharge tube was increased. From this 
he concluded that the modulation of the laser light, was due to modulation of the discharge 
current.
Both Suzuki and Galehouse attributed the oscillations to instabilités in the anode 
fall region, although they did not investigate the mechanism by which the oscillations 
were produced. Oscillations produced in the anode region of a gas discharge have been 
studied by Pupp (1933) and by later workers, usually in low current discharges (<1 A) 
and frequently m connection'with mdving striations (Coulter a /1961).
The mechanism by which the oscillations are generated is not clear. A qualitative 
description of what may happen has been given by Pupp (1933), when the oscillations 
originate from a welhdefined ‘anode spot’. However, in the present work oscillations 
have been obtained both with small well-defined anode spots of very high luminosity 
and with what appears to be a uniform glow over the anode surface.
The present paper Is concerned with anode oscillations that occur in an argon laser 
using a plasma jet cathode (Maitland 1969) and a segmented metal discharge tube. Tubes 
of difierent capillary diameter have been used, ranging from 3 to 6 mm, but with the 
same anode structure. The character of the oscillations was the same for all the tubes. 
The discharge currents ranged from 5 to 90 A. Thus the current densities at the anode 
and elsewhere are about a factor of 10 greater than in previous studies.
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2, The exjg)OHi»enhil nrrnngemcnt for studying anode oscillations
The geometry of the anode and the discharge envelope of the laser is illustrated in figure 
L The anode is made from two concentric copper cylinders cooled by water flowing 
between them. Two anodes have been used in this investigation: the first has an external 
diameter of 28-6 mm and an internal diameter of 12*5 mm; the second anode has an
Probe
Anode La
Silica
window
6as return potli S egmented  la se r  lube
Figure 1, Geometry of the anode and the discharge envelopei
external diameter of 16 mm and an internal diameter of 6*3 mm. Both anodes are the 
same length (75 mm) but the discharge confines itself to the last 15 mm of the surface 
at the end of the anode nearest the cathode. The silica window in the metal wall of tlie 
discharge tube enables the discharge near the anode to be examined visually or with a 
photoelectric spectrometer. An electric probe can be immersed in the plasma at a 
distance of 1 cm from the end of the anode. This probe is a tungsten rod 0-5 mm in 
diamolor, insulated with a thin layer of fused silica apart from the final 4 mm. The second 
electrode used in the probe circuit is not the discharge anode as is usual, but the discharge 
cathode, since the oscillations studied are produced between the probe and the discharge 
anode. The probe is used to measure the electron density and the electron temperature 
in the anode region of the discharge. It is also used to measure the peak anode fall.
• Light emitted from the anode region is collected by a lens, and the image plane is 
scanned with a pinhole so that modulation of the light from the different parts of the 
region can be recorded. The light passing through the pinhole is focused on to the slit 
of a photoelectric spectrometer. The, modulated output of the photomultiplier is 
averaged with a boxcar integrator and displayed on an XY recorder. The reference 
signal is provided by the anode voltage oscillations'. The response time of the circuit is 
limited by the gate width of the boxcar integrator (1 ps). This response time is compatible 
v/illi the events studied. •
3a The characteristics of anode oscillations 
.Li, Surface effectsanffgas impurities
Before examining the oscillations in detail it is necessary to make some brief comments 
about the conditions under which oscillations occur, The same anode structure operating 
under the same conditions of pressure and current has on difierent occasions given 
oscillations and been completely quiet. The oscillations seem to occur if the discharge
16 -
Transient phenomena in the anode region 1919
does not run uniformly to the anode with at least approximately axial symmetry. The
area of the anode to which the discharge has been running becomes covered with a hue 
■ black powder, which microscopic examination shows is probably finely divided copper. 
Thus the active area of the anode is easily seen and quite well defined. The region to 
which the discharge runs seems to be quite stable, unless the tube is left unused for a week 
or so, or dismantled and the anode cleaned. The anodes were originally cleaned by sand 
blasting. After this treatment, strong oscillations were observed. When however the 
anodes were cleaned in dilute nitric acid, oscillations only occurred at low currents 
(< 15 A). It seems that partidular ‘sensitive’ areas of quite small extent htay be produced 
by surface treatments of various kinds. If these areas become too small, the current; 
density at the site becomes greater than a critical value and oscillations result. The 
change in behaviour with dilferent surface treatments may be due to secondary electron 
emission or perhaps to the release of gas from the surface by electron bombardment. 
The effect of adding various gaseous impurities has been investigated. Nitrogen or 
wate'r vapour have the effect o f making the oscillations irregular. Sometimes they sup­
press the oscillations altogether. There is always some hydrogen present as an impurity, 
which, appears'to come from cither the discharge tube walls or the electrodes; the effect 
of this residual hydrogen is difficult to ascertain. Small quantities of helium added to 
the gas have little or no cflcct on the oscillations, .
The frequency o f the osciUations 
The oscillations observed usually have welbdefined frequency and are often the resultant 
of two or more oscillations from separate regions near the anode surface. The frequency 
is reduced by increasing the pressure (figure 2). The effect of current on frequency is 
quite complex. At low currents (<15 A) the frequency always increases continuously 
with current; at higher currents the frequency sometimes increases and sometimes remains 
constant with increasing current The frequency has never decreased, with increase of
'XI
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Figure 2, Variation of frequency of anode oscillnuons with aysterrt gas pressisre at 
constant laser discharge current.
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Figure 3. Variation of frequency of anode oscillations with laser discharge current at 
constant system gas pressure
current, The situation is further complicated when the geometry of the discharge changes. 
The frequency may then jump to a higher value at a particular current which is repro­
ducible in both directions. À typical variation of frequency with eurent is shown in 
figure 3. Such curves as are shown in figures 2 and 3 are quite reproducible over a period 
of several hours of continuous operation, but, if the system is switched off and left for 
a while, a different set of reproducible cuiwes may be obtained.
The waveform of the discharge Voltage oscillations has two characteristic shapes. 
The first is characteristic of ithe oscillations when there are small intensely luminous 
spots on the anode producing oscillations of the form shown in figure 4. The peak-to- 
peak amplitude of these oscillations is ,about 12-14 V superimposed on a steady potential 
of about 250 V. Sometimes these spot.s are referred to as glow balls (Ogvva 1959). These 
will be called anode spots, and the oscillations associated with them, spot oscillations.
i
Ë-I
Tima
Figure 4. General shape of anode oscillations associated with anode spots (glow balls). 
These are usually of frequency I-10 kHz,
' 18-
Tronsîent phenomena in the anode region 1921
Time
Figure 5. General shape of anode oscillations associated with a diffuse glow over the 
anode surface (no spots). These arc usually of frequency 20-100 kHz.
The voltage waveform is triangular and at the sharp edge where the voltage falls a strong 
pulse of light of the Am spectrum is emitted from the spot giving it a characteristic blue 
colour. The second waveform is shown in figure 5, and again the pcak-to-peak amplitude 
is about 12-14 V. These oscillations will be called glow oscillations. This waveform 
appears to be associated with oscillations produced in a more diffuse region. There is 
no blue spot in this case. The light from regions near the anode is still modulated, 
but the Axi lines are much stronger than Am lines. Each ‘pulse’ of light is short and 
correlated with the falling edge of a voltage ‘pulse’. *
4. Probe measurements of the abode fall
The usual method of measuring the space potential with an electric probe is to find the 
voltage at which a logarithmic plot of the electron current drawn by the rprpbe deviates 
from a straight line, as the probe current saturates. This technique couljd not be used, 
since even for currents as high as 1 A there was no indication of the electron current 
saturating, The current could not be increased further without risk of overheating the 
probe.' The probe current did however saturate for probe potentials sufficiently below 
the space potential. The saturation ion current increased only very slowly as the voltage 
was reduced, indicating that a thin sheath was formed.
The electron temperature and density were found in the usual way. The results 
indicate that a Ma.xwell-Boltzmann distribution of electron energy is appropriate, at 
least as a first approximation. The plasma potential Pp was found by measuring the 
floating potential Kr of the probe, at which potential h  and /p are equal. The plasma 
potential Kp is calculated from
Kf 4-(/cTo/2e) In (2M/^nz). \
In the absence of oscillations, Vp was found to be slightly less than the anode poten­
tial. The difference (the anode fall), varied between 0 and 5 V. This is much less than 
that predicted by von Engel’s theory of the anode fall (von Engel 1941). This theory 
predicts an anode fall of about the value of the ionization potential (15-5 V). The probe 
is believed to be outside the high-ficld region since observation of the light intensity near 
the anode indicated that the anode fall region extends only 3 to 5 mm from the anode.
*Some ty p ic a l  d isch arge  v o lta g e  waveforms are shown in  
f i g .  '3 .1  (a ) -  ( d ) .
19-
1922 JNRo s s
Typical values of electron density and temperature are »e~l*5x electrons cm“® 
and Te—lS 000 K, at a current of 35 A and a pressure of 0-4Torr. The anode fall in 
this case is 5 V. The values of electron density increase with current and pressure, 
whereas the values of electron temperature tend to decrease. The anode fall voltage 
remains constant as the current and pressure are varied.
When oscillations are present the probe measurements need to be interpreted with 
care. When an oscilloscope is. coupled between the probe and the cathode it is found that 
the probe voltage is modulated slightly. With the probe biased into the region where the 
electron current is varying rapidly, the voltage modulation on the probe is less than 2 V 
peak-to-peak. With the probe biased to ion saturation this increases to about 4 or 5 V 
peak-to-peak.
The effect of imposed fluctuations on a probe characteristic has been considered by 
Garscadden and Emeleus (1962) and Crawford (1963). The effect of modulations of 
probe potential, or space potential when the probe is negative with respect to the plasma, 
is to shift the whole characteristic to a lower potential. The values of and To are not 
altered, but the floating potential Ff is reduced. Theory shows that if «e alone is modu­
lated, the floating potential is not modulated. However, experimentally it is found 
that the floating probe potential V.t ié modulated. The space potential or the electron 
. energy must therefore be modulated. That tio is also modulated is indicated by the strong 
modulation of the probe voltâge when the saturation ion current is drawn by the probe.
However, ignoring these complications, a value for Vp may be calculated as before.
_ When this is conipared with the peak janode voltage it is found that the peak anode fall 
is increased to between 5 and 16 V. The peak-to-peak amplitude of the anode oscilla­
tions is within 2 V of the peak anode fall in each case.
The minimum anode fall is sometimes negative by as much as 2 V. This is outside 
the possible experimental error, so that the effect is believed to be real. The anode fall 
can be negative if the random electron current to the anode exceeds the discharge current. 
Negative anode falls are well known in low-voltage arcs where the electron density is 
high.
It is possible to estimate the random electron current A to the anode using the usual 
equation from probe theory :
/r=«ceca/4
where a is the area of the anode and c is the average, random velocity. If the energy 
distribution is maxweUian with temperature To, then c is given by
c=(8/cTo/7r/n)i/2.
Assuming that To is lO'^  K and that the discharge current density at the anode surface 
is 20 A cm~2, then the random current density is equal to, the discharge current density 
when iJo is about 6x lO^® cm-®, This value is slightly less than the electron density of the 
plasma away from the anode fall region. It is therefore quite possible that the peak 
ionization during the anode oscillations is sufficient to produce a negative sheath at the 
anode surface.
5. Modulation of the light emitted from the anode region
The average waveform of the light emitted from the anode region is recorded with the 
aid of a boxcar integrator. The stability is such that recordings of successive waves may
- 20 -
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Figure 6. Correlation between voltage oscillations A, and light emitted from different 
parts of the anode glow.
be made from different areas of the ànode region without any change in the triggering 
' signal derived from the voltage oscillations. Each scan of the waveform requires several 
minutes, so that the oscillations must be stable for periods of half an hour or more. Light 
emitted from different regions near the anode is compared. Comparison is also made 
between light pulses emitted at different times relative to the voltage oscillations.
The voltage oscillations are compared with the light emission àt 4702 Â (An) from 
two different areas of the anode in figure 6. The two areas from which the light was 
collected were on opposite sides of the anode and about 0-2 mm in front of the end of the 
anode, but there were no visible anode spots. The light was 100% modulated, the zero 
having been shifted between the two traces for clarity. The light intensity started to 
rise a short time after the anode voltage started to fall. The rise time of the light pulse 
was limited by the resolution of the boxcar integrator. After rising to a maximum the 
light intensity fell rapidly.
As the region from which the light was collected was moved further from the anode 
surface, the time at which the maximmn emission occurred was delayed, and the width 
of the light piilse increased. Figure 7 shows the emission profile of the 4702 Â An line 
for 4 different distances from the anode surface. As the sampling region is moved further 
from the anode, the background intensity increases and the maximum light intensity is 
reduced.
When the light emitted by the ions is compared with that emitted by the neutral 
atoms (figure 8) it is found that the width of the pulse of light from the ions near the 
anode is narrower than that from the netural atoms. The intensity of the ion lines 
decreases rapidly as the distance from the anode is increased, so that it is only possible 
to observe the modulation close to the anode. No difierence in behaviour could be 
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Figure 7. Light emitted from regions at different axial distances from the anode surface ;
A, 01 mm; B, 0-8 mm; C, 16  mm; D, 2 0 mm, E, 2-4 mm.
detected between different lines originating from the same state of ionization. This is 
to be expected since the time resolution (I ps) is slow compared with the lifetimes of 
most excited atomic states. The upper energy levels of An, ii etc are fairly close in 
energy, so that the changes of electron energy with time effect all such levels to much the 
same extent.
There is always a fairly strong background continuum to the argon spectrum. This 
becomes a nuisance when looking for the weaker Am lines. The continuum shows no 
distinguishable features but is presumed to be due to molecular impurities. It is quite 
difierent from the Cg and CN bands that appear if oil vapour from the rotary pump or 
other organic vapour has diffused into the tube. The intensity of the continuum is
0 50 ICO
Time f/j s)
Figure 8. Correlation between light emitted from neutral species A, and ionic species B.
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modulated quite strongly by the oscillations, but its response, time is slower than that of 
the An and Aril lines. The rise time for an Ant line close to the anode was about 2 (is 
and that of the continuum 5 ps. The decay time for the continuum is likewise much 
greater, decaying almost linearly until the next cycle of the oscillation.
6. A model for anode oscillations
The probe and- light emission studies indicate that the oscillations are produqed very 
close to the anode, and that the oscillations in discharge voltage are due to oscillations in 
the anode fall. The model that has been most widely used to describe such oscillations 
is that due to Pupp (1933). It has been used to describe oscillations in mercury and in 
the noble gases (Ogwa 1959, Yosimoto 1953). The predictions of this model will be 
compared with the experimental observations.
The model proposed by Pupp is that initially the ionization rate near the anode is 
not sufficiently high to supply the ion current to the positive column of the discharge. 
A negative space charge accumulates near the anode and produces a large axial electric 
field between the anode and the rather ill-defined end of the positive coluinn. The voltage 
across this region is the anode fall. The anode fall increases until the electrons accelerated 
towards the anode have sufficient enefgy to produce ion pairs by collision, Pupp pro­
posed that when the anode fall exceeds a critical potential, the ionization rate increases 
very rapidly to produce an excess of ions. The anode fall, then, is reduced to zero and 
the rate of production of ions becomes zero. The ions then drift away from the anode 
and the anode fall increases once more.
The model was proposed to describe the spot-type oscillations with a ‘saw tooth’ 
waveform (figure 4). The light emission studies described herein indicate that the second 
type of oscillation with a spiky waveform (figure 5) and no distinct anode spot may be 
produced by the same mechanism. When spot-type oscillations occur, it is found that 
there are usually two spots, and sometimes more, which emit light alternately. Each 
time a spot emits light the anode fall decreases sharply (Ogwa 1959).
In this study it has been foùnd that there are always two ‘active regions’ of the anode 
when oscillations are present in our laser tubes. Light is emitted alternately from these 
regions as shown in figure 6. Sometimes it is possible to distinguish visually between the 
two regions which may appear as well-defined blue spots on the anode, but often the 
glow round the anode looks qhite uniform to the eye.
From these observations it is concluded that ionization occurs alternately at two 
regions of the anode. Once ionization has occurred at one of the active regions, the high, 
electron density in this region will produce a low-impedance path'for the discharge 
current to flow to the anode, while the low electron density at the other active region will 
provide a high-impedance path. The discharge current will therefore flow to the low- 
impedance region. The impedance of this region will rise as the ion density falls and the 
anode fall will increase. When the anode fall is sufficiently large for ions to be produced 
once more another burst of ions will be produced but this time at the other region. The 
current will therefore switch to this other region.
7, The CW1ÎSSÎ011 of light from the anode zone
The light emission studies may be interpreted in terms of this model. The rapid rise of 
light intensity near the anode (figure 7, curves A and B) indicates that there is a rapid rise in
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excitation due to the current switching to this region and the rapid rise in electron density 
as ions are produced. The anode fall is initially large, so that the électrons gain sufficient 
energy from the electric field to excite both neutral and ionic species (figure 8). The 
light from the ionic species decays rapidly as the electric field falls. The light froffi the 
neutral species decays more slowly as first the electric field falls to a low value and 
then the electron density falls.
Further away from the anode the intensity of the light emission increases more slowly 
(figure 7, curves D and E). The electrons have not gained much energy in the anode fall 
at this distance from the anode and are unable to produce ion pairs. The electron density 
can only increase as ions and electrons drift from the region in which they are created 
(close to the anode surface) to the region under consideration (about 2 mm from the 
anode). The delay of 3 or 4 (rs shown in figure 7 between the maxima is due to the small 
drift velocities of the positive ions.
The delay in the increase of ionization in this region of the anode zone is important 
for the oscillation mechanism. The anode fall can only be reduced to a low value if 
the ion density is large throughout the whole anode zone. The transit time of the ions 
across the anode zone means that the anode fall is unable to respond instantanebiisly to 
changes in the ionization rate at the anode surface. It is this delay in the response of the 
anode fall to changes in ionization rate that makes it possible for an excess of ions to be 
created before the anode fall has had time to respond.
U. The frequency of the oscillations
With this model the frequency of the oscillations depends on how long it takes for the 
ions produced in the burst of ionization either to move away from the anode as ion con­
duction current or to diffuse to the tube walls. Since details of the processes occurring 
are not known, the frequency cannot be determined ; however, it is of interest to see if 
it is possible to predict the variation of frequency with pressure and current.
Experimentally it is found that the time during which light is emitted from the region 
close to the anode is independent of current and pressure, as is the nffe at which the 
anode fall collapses. From this it is Concluded that the lime during which ionization 
occurs is at least to a first approximation independent of pressure and current.
The total number of ions produced in each burst of ionization depends on the dis­
charge current 1, the ionization cross section a, the number density of the Ar atoms, N, 
and the time during which ionization occurs. The number jt of ions prdduced per pulse 
may be written
n ~ {I/ c)iV< tr>,v A/ ( 1 )
where '< > denotes an average over the pulse time, x  is the effective depth of the region 
over which ionization occurs, and e is the electronic charge.
This expression only applies if N and if the ionization is by single electron 
collision, if the ionization occurs by a two-step process With excitation of an argon atom 
to a metastable state by electron collision and then ionization of the metastable by a 
second electron collision, then n will be proportional to / .^ The frequency of the oscilla­
tions is the average ion loss rale divided by n. If the dominant process by which ions 
are lost from the anode zone is the ion conduction current, which increases linearly with 
/, then this model predicts that the oscillation frequency should be independent of current.
24-
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Experimentally this is not so: the frequency always increases with current. A possible 
explanation of this disagreement is that the average ionization rate:is not linear with 
current as assumed in' (1), but that it saturates with current. One way in which 
this could occur is if the destruction of ions by electron collision becomes important. 
This, requires a three-body collision between an electron, an ion and a third body to 
conserve momentum. While the ionization rate depends only on the number of incident 
electrons (and their energy), the three-body recombination depends also on the ion 
density, and thus becomes more important as the ion density rises. This may provide a 
limit to the number of ions created in a burst of ionization, since the number of ions will 
increase until the loss rate is equal to the creation rate and then can rise no further. In 
this case a linear relation between the oscillation frequency and the, current would be 
expected.
Tlie observed change of oscillation frequency with pressure is in better agreement with 
that predicted by the model. The model predicts that the frequency should be propor­
tional to p~K It is found that the Frequency always decreases with pressure, although 
less rapidly thanp
9c Estimation of ionization rate
It is of interest to try to estimate the number of ions produced per burst of ionization, /?, 
and the average cross section <o-> calculated from equation (I). From figure 6 the pulse 
width At is about 4 ps and the time between pulses 25 ps. The discharge current when 
figure 6 was recorded was 16 A and the gas pressure 0-7 Torr. An estimate of the average 
ion current Is used to calculate n. Outside the high-field region of the anode zone the 
ratio of the ion current to the electron current is o+/oo> where is the ion drift velocity 
and üe the electron drift velocity. The value of this ratio is dependent on X/po. where A' 
is the axial electric field and po the gas pressure reduced to 0 °C. The temperature of the 
gas has been estimated in these studies to be 1800-2000 K by measuring the line width 
of the 4702 A and 5188 A An lines in the anode zone using a scanning Fabry-Perot 
■. interferometer. This high temperaturb is probably due to the effect of high current density 
in the constricted plasma between the anode and the capillary together with the hot 
ionized gas which is squirted into the anode region by the well-known gas pumping 
processes which operate in the capillary region of the discharge (3000-4000 K at the 
current densities of the Investigatioh). The gas pressure reduced to 0 °C is therefore 
about 0*1 Torr. The axial field is estimated to be about 01 V cm-i. The mobility of 
Ar+ ions in argon at 1 Torr is 1200 cm^  s~^  V“i (McDaniel 1964, p 470). The electron 
drift velocity is 5 x 10® cm s"l (McDaniel 1964, p 541). The ratio of ion current to electron 
current is therefore F2x 10®/5 x 10®, and the estimated ion current is 2-4x 10^ '' ions s~k 
Each burst of ionization must therefore create at least 6 x lO^ - ion pairs, and the 
average ionization rate n/At must be at least l*5x 10^ ® ions s“i.
To estimate the average ionization cross section < e r )  it is necessary to assume a value 
for ,Y. The light emission studies suggest that a value of 1 mm may be appropriate. At 
a temperature of 2000 K and a pressure of 0*7 Torr, the gas number density is about 
4 X IQi® cm~®. Using these values of n/At, x  and N  together with /=  16 in (1) gives the 
value of the average ionization cross section of 4 x IQ-i? cm^ .
This value of the cross section is averaged over the energy distribution of the electrons 
after they have been accelerated through the anode fall. The value is too large for the 
ionization to be predominantly due to the high-energy tail of the energy distribution, and
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so the average energy must be at least of the order of the ionization energy. If the random 
energy of the electrons is ignored, then the above cross section would require the anode 
fall to be about 18*5 V (using the cross section data of Rapp and Englander-Golden 1965), 
The random energy of the electrons is about 2 eV, so that the peak anode fall might be 
expected to be within the range 15-18 V. Anode falls as large as this have been measured 
when strong oscillations are present (peak-to-peak amplitude 13-15 V). Frequently, 
however, the peak value of the anOde fall is much less, often only 10 V and sometimes as 
small as 6 V. The oscillations have a peak-to-peak amplitude of the same magnitude as 
the anode fall in each case, .
These very low values of the peak anode fall could not provide sufficiently high ioniza­
tion rates for this model. The iohization may occur in a much larger volume (which 
does not seem likely in view of the observed light emission) or multistage ionization 
through metastable levels of argon (3p® 4s 3p®4s ®Po) may be an important mechanism.
The lowest metastable potential 3p® 4s ®Pg of Ar is 11'55 V, so that values of anode fall 
of around 11 V are expected if most of the ionization occurs via the metastable levels. 
This is in fair agreement with the Usual experimental values of 10-12 V.
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f ig  3.1 D i sc harge  V o l t ag e  O s c i l l a t i o n s
a)  Sp o t  o s c i l l a t i o n s  : ve r t i ca l  s c a l e  = 5 V/div.  
h o r i z o n t a l  s c a l e  = 2 p s e c . / d i v
d i s c h a r g e  c u r r e n t  = Z.0 A , s y s t e m  p r e s s u r e  = 0 6  torr
■iaiMillf MM
(b )  S p o t  o s c i l l a t i o n s  ; upper t r a c e  ; d i s c h a r g e  vol tage  
( 5 V/div.),  lower t r a c e  ; l ight em i s s i on  from the
a n o d e  s p o t  ( i n c r e a s i n g  in - ve  d i rec t i on  ) a t  
472-7 n.m. h o r i z o n t a l  s c a l e  = 2 0  p s e c / d i v .  
d i s c h a r g e  current  = 1C A, s y s t e m  p r e s s u r e  = 1 torr.
( c ) Two c o u p l e d  g l o w  o s c i l l a t i o n s  of a l m o s t  e qu a l  
a m p l i t u d e  ; • vert ical  s c a l e  = 5 V /d i v . ,  ho r i z o n ta l  
s c a l e  = 10 u s e e /  div. , p e a k  a n o d e  fa l l  = 11-7 V , 
d i s c h a r g e  cu rrent  = 2 5 A , s y s t e m  pre s s u re  = 0 - 6  torr.
Id ; Two coup led  g l o w  o s c i l l a t i o n s  of u n e q u a l  
am pl i tud e  ; ver t i ca l  s c a l e  = 5 V / d i v . , h o r i z o n t a l  
s c a l e  = 2 0  u s e c . / d i v  . p e a k  a n o d e  fal l  = 10-9 V
d i s c h a r g e  c ur re nt  = 15 A , s y s t e m  p r e s s u r e  = C-6 torr.
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Gomments on "T ransient Phenomena in  the Anode Raglon"
The experim ents d iscu sse d  above are a l l  concerned w ith  an argon 
la se r  d isch a rg e . O s c i l la t io n s  have a lso  been observed in  the same 
la s e r  tube f i l l e d  w ith  krypton in  p la ce  o f the argon. Only a few 
experim ents have been performed (because o f the h igh  c o s t  o f krypton) 
but a few gen era l fe a tu r e s  emerge. The frequency o f  the o s c i l la t io n s  
i s  always g rea ter  in  k rypton , a t the same p ressu re  and d isch arge  
curren t (by a fa c to r  o f  1 .5  to 2 ) .  The o s c i l la t io n s  are l e s s  s ta b le  
in  krypton than argon, but th is  may be due to gas pumping problems 
a r is in g  from the r e s id u a l argon in  the d isch a rg e . The am plitude of  
the o s c i l la t io n s  in  krypton i s  s l i g h t ly  le s s  than in  argon (9 or 10 V 
fo r  Kr; 10 or 12 fo r  A ). The v a r ia t io n  o f frequency w ith  p ressu re  
and curren t fo llo w s  the same p a tte r n  as in  argon.
The la s e r  norm ally op erates w ith  an a x ia l  m agnetic f i e l d  produced  
by a so le n o id  round the c a p il la r y  reg ion  o f the d isch a rg e . The anode 
i s  in  the fr in g e  f i e l d  of th is  s o le n o id . The e f f e c t  o f the m agnetic  
f i e l d  i s  com plicated  and somewhat u n p red ic ta b le . U sually  the 
m agnetic f i e l d  in c r e a se s  the frequency of the o s c i l l a t i o n s .  I f  the 
d isch arge i s  q u ie t  in  the absence o f  a m agnetic f i e l d  ( i . e .  no 
o s c i l la t io n s  are p r e se n t)  then ap p ly in g  a m agnetic f i e l d  w i l l  sometimes 
induce o s c i l l a t i o n s ,  which reproduceably appear and disappear as the 
so le n o id  i s  turned on and o f f .  Such behaviour i s  shown in  f i g .  3 .2  
fo r  a d isch arge in  argon. The m agnetic f i e l d  quoted i s  the f i e l d  in  
the c e n tr a l reg ion  o f the s o le n o id . At the anode the magnitude o f  
the f i e l d  i s  about 1 /6  th is  v a lu e .
I t  has a lso  been observed  th a t the m agnetic f i e l d  may suppress  
o s c i l la t io n s  th a t are p r e sen t in  the absence o f the f i e l d ,  a lthough  
th is  behaviour i s  n ot u su a l. The most probable e x p la n a tio n  o f the  
e f f e c t  o f the m agnetic f i e l d  i s  th a t i t  a l t e r s  the d isch arge path and 
the current d e n s ity  in  the anode zone. I t  i s  noted  th a t when the  
m agnetic f i e l d  changes the o s c i l l a t i o n s ,  the d is tr ib u t io n  o f glow ing
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plasma round the anode i s  changed.
F in a lly  i t  shou ld  be p o in ted  ou t th a t the d isch arge  curren t was 
k ep t con stan t during a l l  th ese  experim ents by in c lu d in g  a 20 mH choke 
in  s e r ie s  w ith  the d isch a rg e . This i s  e s p e c ia l ly  im portant fo r  the 
probe measurements where the m odulation of current would in trod u ce  
o s c i l la t io n s  in  the plasm a p o t e n t ia l  in  the reg ion  o f  the probe.
For fu r th er  d e t a i l s  o f the probe m easurem ents, se e  appendix A3,
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CHAPTER 4 
THE ANODE ZONE
4 .1  The O rig in  o f  th e  Anode F a l l
I t  has been shown th at the o s c i l la t io n s  are produced in  a reg io n  
very  c lo s e  to the anode. The p r o c e sse s  occurring  In the anode zone 
in  the absence o f o s c i l la t io n s  w i l l  be consid ered  in  more d e t a i l  
b e fo re  c o n sid er in g  a model fo r  the anode zone which in c lu d es  temporal 
v a r ia t io n s  o f the anode f a l l  (chapter 5 ) .
At the anode su r fa ce  the d isch arge  curren t i s  ca r r ie d  only  by 
the e le c tr o n s .  Between the p o s i t iv e  column o f the d isch arge and the 
anode there i s  a reg ion  in  which ion s are produced a t a ra te  which i s  
s u f f i c i e n t  to m aintain charge n e u t r a l i ty  in  the p o s i t iv e  column.
The f i e l d  o f  the anode f a l l  i s  n ecessa ry  to  a c c e le r a te  the e le c tr o n s  
so  th a t near the anode they have s u f f i c i e n t  energy to  produce ion s a t  
the requ ired  r a te .  This ex p la n a tio n  was f i r s t  su g g ested  by Pupp (1 3 ), 
The reg io n  o f  la rg e  e l e c t r i c  f i e l d  across which the anode f a l l  
i s  produced i s  r e fe r r e d  to  as the anode zone. The anode zone i s  a 
d i f f i c u l t  reg ion  to t r e a t  t h e o r e t ic a l ly  because o f  the com plicated  
in te r r e la t io n s  between space charge, e l e c t r i c  f i e l d  and ion  and 
e le c tr o n  c u rren ts . The only attem pt to  produce a m athem atical model 
o f  the anode zone appears to be th a t of Von Engel (3 3 ). . Von E n gel’ s 
theory assumes a p a r a b o lic  v a r ia t io n  o f e l e c t r i c  f i e l d  in  the anode
ti IIzone, based on the experim en ta l o b serv a tio n s of G unterschulze. Bar 
and Betz (3 4 ). A p r e d ic t io n  of Von E n gel’ s theory i s  th a t the anode 
f a l l  should  be alm ost equal to the io n iz a t io n  p o t e n t ia l  o f the gas 
(15 .5  V fo r  A). In the argon ion  la s e r  the anode f a l l  (when s ta b le )  
has been found to be much l e s s  than th is  (u su a lly  betw een 3 and 5 V) .
In s e c t io n  4 .5  the io n iz a t io n  ra te  i s  e stim a ted  assuming the p a r a b o lic  
v a r ia t io n  o f  e l e c t r i c  f i e l d  used by Von E n gel, bpt a d i f f e r e n t  approach 
to the io n iz a t io n  r a te  i s  used in  order to  con sid er  the case  when the 
anode f a l l  i s  l e s s  than the io n iz a t io n  p o t e n t ia l .
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4 .2  S p ectroscop ic  S tu d ies o f the Anode Zone
The in t e n s i t y  o f  the l ig h t  em ission  from the s ta b le  anode zone
has been in v e s t ig a te d  as the a x ia l  d is ta n c e  o f  the sam pling reg ion
from the anode i s  v a r ie d , in  a s im ila r  manner to the l i g h t  em ission
s tu d ie s  d isc u sse d  in  chapter 3 , bu t in  th is  case the in t e n s i t y  i s
independent o f tim e. The v a r ia t io n  o f  i n t e n s i t i e s  o f  the AI and
A ll l in e s  are q u ite  d i f f e r e n t ,  A ty p ic a l  v a r ia t io n  i s  shown in
f i g .  4 .1 .  The in t e n s i t y  o f  the A ll l in e s  in c re a se s  r a p id ly  c lo s e  to
the anode w h ile  th a t o f  the AI l in e s  d e crea ses . The t o t a l  w idth o f
the anode zone appears to  be 5 or 6 m.m.
Hydrogen l in e s  are always v i s i b l e  in  the spectrum  o f the l ig h t
em itted  from the anode reg ion  of the d isch a rg e , (The hydrogen i s
probably evo lved  from the w a lls  o f  the aluminium d isch arge  tu b e ).
The in te n s i ty  r a t io  I _ / l  o f the and H l in e s  should  in c r e a se  as3 n 3 a
the e le c tr o n  energy in c r e a s e s .  ■ The r a t io  I^ /I^  i s  shown in  f i g .  4 .2 .  
The r a t io  a t  f i r s t  in c r e a se s  as the anode i s  approached, bu t f a l l s  
sh arp ly  very  c lo s e  to the anode. The anode f a l l  (measured u sin g  the  
Langmuir probe) was 5 V when f i g ,  4 .1  and f i g .  4 .2  were recorded at a
d isch arge current o f  30 A and a system  gas p ressu re  o f  0 .2  to r r .
The rap id  r i s e  o f  in t e n s i t y  o f the A ll l in e s  c lo s e  to the anode 
in d ic a te s  th a t there must be a rap id  r i s e  o f ion  d e n s ity  in  th is
r e g io n , ‘The rap id  decrease  o f the AI l in e s  and the d ecrease  in  the
r a t io  I g /l^  in d ic a te s  th a t  the r is e  in  ion  d e n s ity  i s  accompanied by 
a f a l l  in  e le c tr o n  energy.
4 .3  Probe Measurements in  the Anode Region
A Langmuir probe i s  used to  stu dy  the plasma in  the reg ion  of 
the anode, and to measure the anode f a l l .  The probe i s  in s e r te d  in to  
the plasma p erp en d icu lar  to the d isch arge a x is ,  a t an a x ia l  d is ta n ce  
o f  about 10 m.m. from the anode (fo r  d e t a i l s  o f  the probe and i t s  use 
see  Appendix A3), The probe i s  n o t  moved c lo s e r  to the anode as the
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c h a r a c te r is t ic s  o f  Langmuir probes can on ly  be in te r p r e te d  in  a 
plasma (and even then in te r p r e ta t io n  i s  o fte n  not e a s y ) ,  l i t t l e  work 
has been done on probes in  reg ion s o f  space charge.
The e le c tr o n  tem peratures found from the probe measurements 
v a r ied  from day to day bu t are u su a lly  in  the range 18 ,000  -  23 ,000  K. 
The e le c tr o n  tem perature d ecreases s lo w ly  as the gas pressu re i s  
in crea sed  ( f i g ,  4 ,3 )  and v a r ie s  s lo w ly  w ith  d isch arge current 
( f i g .  4 .4 ) .
The e le c tr o n  d e n s ity  n^ i s  c a lc u la te d  from the p o s i t iv e  ion  
sa tu r a tio n  current o f  the probe. The e le c tr o n  d e n s ity  in c re a se s  
w ith  p ressu re  ( f i g .  4 .5 )  and w ith  current ( f i g .  4 .6 ) .  'The a b so lu te  
va lu es o f  n^ are somewhat u n certa in  because o f the w e l l  known problems 
a s s o c ia te d  w ith  the in te r p r e ta t io n  o f  probe c h a r a c te r is t ic s  concern ing  
the c o l le c t io n  o f  p o s i t iv e  io n s  by a n e g a tiv e  probe, The e le c tr o n  
d e n s ity  has been c a lc u la te d  from equation  (A7) o f  Appendix A3. The 
r e la t iv e  magnitude o f n^ at d i f f e r e n t  p ressu res and curren ts should  
be more r e l ia b le .
The space p o te n t ia l  o f  the plasma near the probe i s  measured 
u sin g  the method d escr ib ed  in  Appendix A3. I f  o s c i l la t io n s  are 
p resen t the peak anode v o lta g e  i s  measured u sin g  a d ig i t a l  v o ltm eter  
in  the c ir c u i t  shown in  f i g .  A 3.1 , The peak va lu e o f the anode f a l l  
i s  then found from the probe space p o t e n t ia l .  The in stan tan eou s  
value o f  the anode f a l l  may be found from the peak va lu e  and an 
o s c i l lo s c o p e  photograph o f  the anode v o lta g e  o s c i l l a t i o n s .
In the absence o f  o s c i l la t io n s  the measured values o f the anode 
f a l l  range from 2 to 5 V. l&en o s c i l la t io n s  are p resen t the peak 
anode f a l l  i s  u su a lly  between 10 and 15 v o lt s  and o fte n  in c re a se s  
s lo w ly  w ith  d isch arge current ( f i g .  4 .7 ) .  The anode f a l l  i s  about 
2 V g rea ter  than the peak to  peak am plitude of the o s c i l l a t io n s .
Random n o is e  and f lu c tu a t io n s  in  d isch arge v o lta g e  co n tr ib u te  an 
u n certa in ty  o f  ± 0 .5  V in  the anode f a l l  measurements. The 
l im ita t io n s  o f  the theory o f p o s i t iv e  ion  c o l le c t io n  in trod u ce  an
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u n cer ta in ty  in  o f  perhaps a fa c to r  o f  2 , This corresponds to an 
u n cer ta in ty  o f  about 1 .5  V in  the anode f a l l .  (Appendix A3 equation s  
A6, A7). The t o t a l  u n c e r ta in ty  in  the value o f  the anode f a l l  i s  
th ere fo re  ± 2 V.
4 ,4  Line Width Measurements
The broadening o f  the AI l in e s  i s  predom inantly due to the 
thermal motion o f the argon atoms. The Doppler broadened p r o f i le  
o f  a sp e c tr a l l in e  due to the thermal motion o f the atoms i s  G aussian  
w ith  a h a l f  w idth g iven  by
AX = X
Mc^  °
where i s  the cen tre w avelen g th , M i s  the mass o f  the atoms and T
i s  the tem perature. The gas tem perature T may be found by m easuring
AX provided the homogeneous l in e  w idth  i s  much sm a ller  than the
D oppler l in e  w id th . The homogeneous l in e  w idth in c lu d es  co n tr ib u tio n s
from p ressu re  broadening* Stark broadening and the n a tu ra l l in e  w id th .
The hydrogen l in e s  exp er ien ce  an appreciab le  Stark broadening
due to  the in te r a c t io n  o f  hydrogen atoms w ith  io n s  and e le c tr o n s .
The data o f  Griem (35 page 448) su g g e sts  th a t the Stark broadening
o f  the Hg l in e  may be d e te c ta b le  i f  the e le c tr o n  d e n s ity  i s  o f the
order o f  10^  ^ cm“  ^ as g iven  by the probe measurements (a t an e le c tr o n
d e n s ity  o f  10^  ^ cnT^  the Stark w idth o f the l in e  i s  about
9 x 10“*^  n.m . ) The H l in e  i s  broadened muqh le s s  than the IL l in ea b
and so may be used to  measure the ’ tem peraturq' o f the hydrogen. The 
plasma i s  not in  thermal eq u ilib r iu m  and the hydrogen b e in g  l ig h t e r  than 
the argon w i l l  ga in  energy more r a p id ly  from the e le c tr o n s  and thus w i l l  
reach a stead y  s t a t e  w ith  a h ig h er  average energy.
The l in e  w idths are measured u sin g  a p i e z o - e le c t r i c a l ly  scanned  
Fabry-Perot in te r fe r o m e te r . The technique i s  describ ed  in  appendix A7,
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The r a t io  o f  the w idth o f  the H l in e  to the w idth o f  thea B
l in e  i s  found to be 1 ,35  to w ith in  the experim ental error  (about 5%), 
This i s  the r a tio  o f the w avelengths o f  the and l in e s  (656 ,3  n„iïio 
and 486 ,1  n ,m ,) and i s  the value exp ected  i f  the broadening is  due 
on ly  to the motion of the atoms (therm al or o th e r w ise ) . No e x tr a  
broadening o f the l in e  could  be d e tec te d  in  th ese  experim en ts. 
T yp ica l w idths o f the and l in e s  are 0 ,0350  n,m, and 0 ,0256 lum, 
r e s p e c t iv e ly  a t a d isch arge cu rren t o f  40 A and a system  pressu re  o f  
0 ,3  to rr . The tem perature o f  the hydrogea obta in ed  from th ese  l in e  
w idths i s  5 ,5 0 0  K„ This very  h igh  tem perature would c e r ta in ly  mask 
the Stark broadening,
A few measurements have been made o f  the l in e  w idths o f the
470,2  n,m, and 518 ,8  n,m, o f AI and 480,6  n„m„ l in e  o f  A l l  (see  
Appendix A7), These measurements g iv e  a tem perature o f  1 ,800  K for  
the n eu tra l argon atoms under the same d isch arge c o n d itio n s  as above. 
The temperature o f  the p o s i t iv e  ion s i s  about 2 ,4 0 0  K, I t  i s  assumed 
th a t the broadening o f the s p e c tr a l l in e s  i s  due on ly  to the thermal 
motion o f  the atoms and io n s . Stark broadening should  n ot be 
s ig n i f i c a n t ,  a t l e a s t  fo r  th e  470 ,2  n,m, l in e ,  fo r  which in form ation  
about the Stark w idth i s  a v a ila b le  (35 page 493 ), Other broadening  
p ro cesses  such as p ressu re  broadening and s e l f  absorption  are not 
exp ected  to  be s ig n i f i c a n t .  This i s  confirm ed in  as much as the  
tem peratures c a lc u la te d  from the txfo AI l in e s  are the same.
The la rg e  d if fe r e n c e s  between the argon tem perature and the  
hydrogen tem perature i s  somewhat su r p r is in g  and i s  d iscu ssed  in  more 
d e t a i l  in  Appendix A4,
4 ,5  The Io n iz a t io n  Rate in  the Anode Zone
Von Engel''s theory o f the anode f a l l  p r e d ic ts  th a t the anode f a l l  
(Vg) i s  o f th e  same order as the io n iz a t io n  p o te n t ia l  (V^), The
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magnitude o f  the anode f a l l  in  the argon la s e r  i s  found to  be much 
l e s s  than th is  (when the f a l l  i s  s t a b le ) .  Von E n gel’ s c a lc u la t io n  
of the io n iz a t io n  r a te  i s ,  how ever, on ly  appropriate i f  the anode f a l l  
i s  g rea ter  than the io n iz a t io n  p o t e n t ia l .  In th is  s e c t io n  the 
io n iz a t io n  r a te  i s  e stim a ted  w ith  the assum ption th a t the anode f a l l  
i s  le s s  than the io n iz a t io n  p o t e n t ia l .  This w i l l  be used to  
e stim a te  the anode f a l l  in  the stead y  s t a t e ,  and when o s c i l la t io n s  are 
p r e s e n t , to e stim a te  the peak io n iz a t io n  r a te  assuming the phenomeno­
lo g ic a l  model d iscu sse d  in  chapter 3.
The io n iz a t io n  r a te  i s  g iven  by
z = oCE) N nv f(E ) dE (1)
where a(E) i s  the io n iz a t io n  cross s e c t io n ,  N i s  the n e u tr a l atom 
d e n s ity , n i s  the e le c tr o n  d e n s ity ,  v i s  the v e lo c i t y  o f  an e le c tr o n  
w ith  energy E, and f(E ) i s  the e le c tr o n  energy d is tr ib u t io n  fu n c tio n .
The mean fr e e  path o f  e le c tr o n s  i s  g r e a te r  than the w idth o f  the 
anode zone under the c o n d itio n s  o f the experim ents and the energy  
gained  by an e le c tr o n  in  tr a v e r s in g  the anode zone i s  g r e a te r  than the 
random energy o f  e le c tr o n s  o u ts id e  the anode zone. In th is  case the 
e le c tr o n s  can n ot be tre a te d  as h av in g  a random is o t r o p ic  v e lo c i t y  
d is tr ib u t io n  w ith  a sm a ll superim posed d r i f t  m otion, A more appropriate  
model i s  to  con sid er  a beam of e le c tr o n s  a l l  f a l l in g  f r e e ly  towards the 
anode, the e le c tr o n s  having a sm all spread o f  energy . This second  
model w i l l  be adopted.
I f  the angular spread o f  th is  beam of e le c tr o n s  i s  sm all then  
eq u ation  (1) may be w r itte n  in  the form,
z = / “ o(E) Nj(E) dE (2)
where j(E )d E  -  vti f (E) dE i s  the component o f  the e le c tr o n  current  
c r o ss in g  u n it  area  w ith  an energy betw een E and E 4 dE|- j (E) i s  
norm alized so  th at
■34-
j(E ) dE = J (3)
\
where J i s  the t o t a l  e le c tr o n  curren t d e n s ity  (which i s  approxim ately  
equal to the t o t a l  cu rren t d e n s i ty ) ,  and i s  exp ressed  in  terms of the  
number o f  e le c tr o n s  p er  secon d .
I t  i s  c le a r  th a t  j must be a fu n c tio n  o f p o s i t io n ,  through i t s  
dependence on the energy gained  in  moving through the anode zone.
I f  V(x) i s  the v o lta g e  betw een the p o in t  x and the ju n c tio n  o f  the, 
p o s i t iv e  column and the anode zone, then j w i l l  be a fu n c tio n  o f E and 
V, i . e .  j 5 j (E ,V ) . The mean fr e e  path o f the e le c tr o n s  i s  lo n g , so  
th at c o l l i s i o n s  may be ign ored  (to  a f i r s t  ap p roxim ation ). Bet\<reen 
tX'jo p o in ts  a long the d isch arge  a x is  d i f f e r in g  in  p o t e n t ia l  by AV, the  
energy o f  a l l  the e le c tr o n s  must in c r e a se  by AV (energy i s  measured 
in  eV ). I t  fo llo w s  th a t
j(E ,V ) = j(E  AV, V + AV) (4)
Equation (4) i s  s a t i s f i e d  i f  j i s  a fu n c tio n  o f E -  V. Sin ce  
the e le c tr o n s  are moving towards the anode in  order to en ter  the anode 
zone the e le c tr o n s  a t x h ave an energy g rea ter  than V(x) ( i . e .  
j (E , V) « 0 i f  E <  V) . A form must be assumed for  j(E ,V ) th a t  
s a t i s f i e s  the above c o n d itio n s  and a ls o  tends to zero fo r  la rg e  - 
va lu es  o f E. The r a te  à t which i t  tends to zero depends on the 
random energy w ith  which th e  e le c tr o n s  en ter  th e  anode zone from the 
p o s i t iv e  column. The form chosen fo r  j (E ,V ) ,  which s a t i s f i e s  the 
above requirem ents is ,
j(E ,V ) « (E -  V) exp -  ® '• . (5) '
where T  ^ i s  the e le c tr o n  tem perature in  the p o s i t iv e  column.
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^The io n iz a t io n  cross s e c t io n  data o f Rapp and Englander-Golden  
(36) fo r  argon may be rep resen ted  by the eq u ation
o(E) = a(E -  E .) (6)
where E^  i s  the io n iz a t io n  p o t e n t ia l ,  provided E " i s  n o t too
large  (say  le s s  than 50 eV) . The va lu e  o f  a i s  found to be
1 .66  X 10"  ^  ^ cm^  e\T^ when E and E. are in  eV.1
The io n iz a t io n  r a te  per u n it  volume ( z ( x ) )  a t a p q in t x in  the  
anode zone where the space p o te n t ia l  i s  V i s  ob ta in ed  from ( 2 ) ,  ( 3 ) ,  
(5) and (6) and i s  g iv en  b y ,
aJN (E-E^)(E”-V )exp{- dE '
%(x) = ---------------------------------    — (7a)
/ y  (E-V) exp I"- dE
i f  V >  E. ,1 ^
E-ViaJN /g  (E -E .)(E -V )exp {- dE
z (x )  =     — --------  (7b)
i y  (E-V) ex p {- dE
e ■ : .i f  V <• E. ,1 '
where V » IcT / e .  e e
Equations (7a) and (7b) may be in te g r a te d  to g iv e
z(x ) = JNa(V + 2V  ^ -  E^) V >  E^^  ^ (8a)
V-E.
z (x )  = JNa(E^ + 2V -  V)exp V < E. , (8b)
e
The t o t a l  number o f ion s crea ted  per u n it  cross s e c t io n  o f  the 
d isch arge (Z) i s  g iven  b y ,
Z -  z (x )  dx (9)o
where x i s  the d is ta n c e  along the a x is  o f the d isch arge  EBasured from 
the ju n c tio n  o f t h e -p o s i t iv e  column and the anode zone, and d i s  the
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t o t a l  w id th  o f th e  anode zone.
Since the v a r ia t io n  o f p o t e n t ia l  w ith  d is ta n c e  i s  n o t known, the 
form used by Von Engel (33) in  h is  theory o f the anode zone i s  
assumed. This may be w r it te n
V(x) = 3V^ (|)^  (1 -  x /d ) (10)
The io n iz a t io n  r a te  per u n it  cross s e c t io n  Z i s  found by 
s u b s t itu t in g  (8 a ), (8b) and (10) in to  (9) and in te g r a t in g , and may be  
exp ressed  in  the form
Z = JNa d F(V^, V )^ (11)
The fu n c tio n  F(V^, V^) has been found by num erical in te g r a t io n  and is
p lo tte d  in  f i g ,  4 .5  as a fu n c tio n  o f  V fo r  se v e r a l va lu es o f  V .a e
In the stead y  s t a t e  the p o s i t iv e  ion current must be le s s  
than or equal to  the io n iz a t io n  r a te  Z. The e q u a lity  w i l l  h o ld  i f
no ions are l o s t  by d if f u s io n  or recom bination» Assuming th a t i s
equal to Z the e q u ilib r iu m  v a lu e  o f F(V^, V )^ i s  g iv en  by
Th chapter 3 s e c t io n  9 the r a t io  J^ /J  i s  e stim a ted  to  be
1 .2  X id® /5 X 10® 3 th is  va lu e  i s  exp ected  to be independent o f  
d isch arge cu rren t. T yp ical va lu es o f N and d are 4 x 10^ ® cmT® and 
0 .5  cm (d i s  ob ta in ed  from the v a r ia t io n  o f l ig h t  em iss io n  w ith  a x ia l  
d is ta n c e  from the anode). S u b s t itu t in g  th ese  v a lu es  in to  (.12) g iv es  
a va lu e o f 0 ,073  fo r  F(V^, V^). The probe measurements g iv e  a value  
o f  2 V fo r  V^, so  th a t the stea d y  s ta t e  va lu e  o f the anode f a l l  i s  
found from f i g ,  4 ,8  to be about 7 .5  V, This v a lu e  w i l l  be independent 
of the d isch arge cu rren t (provided  V^, d e t c .  do not vary w ith  cu rren t).
The va lu e  o f  the anode f a l l  p r e d ic ted  in  th is  way i s  s u b s t a n t ia l ly  
l e s s  than the v a lu e  p re d ic te d  by the theory o f Von Engel (about 15 V ), 
but i s  la rg e r  than the observed va lu e  (about 5 V). One p o s s ib le
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A n o d e  Fal l  { V^) v o l t s  . 
f ig.  4 ,8  F(V^,\4) a s  a  F u n c t i o n  of  Va w i t h  a
a  . P o r a m e t e r
“ 37”
exp la n a tio n  of t h is  d iscrep an cy  i s  th a t the io n is a t io n  a lso  occurs by
a two“Step p r o c e ss , in  which a n e u tr a l argon atom Is  f i r s t  e x c it e d  to
a long  l iv e d  e x c ite d  s t a t e  by a f i r s t  e le c tr o n  c o l l i s i o n  and then
io n iz e d  by a second c o l l i s i o n .  The two m etastab le  s t a t e s  most
l ik e l y  to be in v o lv ed  are the 3p® 4 s  ^P and 3p^4s  ^P s t a t e s ,  but the
2 “  0
cross s e c t io n s  fo r  e x c it a t io n  and io n iz a t io n  o f  th ese  s t a t e s  by 
e le c tr o n  c o l l i s i o n  have n o t been measured (although the cro ss  s e c t io n  
fo r  io n iz a t io n  has been  c a lc u la te d  (3 7 ) ) ,  I t  i s  n p t p o s s ib le  th ere” 
fo re  to e s tim a te  the io n iz a t io n  r a te  by th is  two s te p  p r o c e ss -
In th is  chapter the d is c u ss io n  has cen tred  on the anode zone in  
i t s  s ta b le  s ta te . ,  I f  anode o s c i l la t io n s  are p r e se n t  the above 
c a lc u la t io n  o f  io n iz a t io n  r a te  may be ap p lied  to  e s tim a te  the peak 
va lu e  o f the anode f a l l .  In chapter 3 tl>e va lu e  o f the io n iz a t io n  
ra te  during the b u r sts  of io n iz a t io n  was e stim a ted  (assn tiing  Pupp's 
model o f  anode o s c i l l a t io n s )  to  be 1 .5  x lof*  io n s s"  ^ a t  a d isch arge  
cu rren t o f 16 amps (10^° e le c tr o n s  sT ^). The appropriate  va lu e  of
F(V^, V )^ i s  found from (11) to  be 0 .45  (assum ing M = 4 x 10 
d “ 0 ,5 ) .  The v a lu e  of the anode f a l l  n ecessary  to produce th is  
va lu e  o f F(V^, V )^ i s  about 13 V (w ith  p 2 V), t h is  i s  in  good
agreement w ith  the measured v a lu es  o f the peak anode f a l l  when 
o s c i l la t io n s  are p r e se n t  (th e  measured value o f  th e  peak anpde f a l l  
i s  u su a lly  between 12 and 14 V),
CHAPTER.5
THE STABILITY OF THE AHQDE FALL
5 o l A Simple Model fo r  the Anode Zone
In chapter 3 the anode o s c i l la t io n s  were d iscu sse d  in  terms of 
Pupp's phenom enological theory o f  the anode f a l l .  This theory  
assumes th a t i t  i s  p o s s ib le  fo r  ion s to be produced, for  a sh o rt tim e, 
a t a ra te  exceed in g  th a t req u ired  to  m aintain  charge n e u tr a li ty  and 
th a t during th is  time an e x c ess  o f  ion s i s  produced. This i s  only  
p o s s ib le  i f  the space charge which c o n tro ls  the anode f a l l  does n ot  
respond in sta n ta n e o u s ly  to  changes in  the io n iz a t io n  r a te ,  o th erw ise  
once the io n iz a t io n  ra te  reaches the eq u ilib r iu m  v a lu e  the anode f a l l  
w i l l  s t a b i l i z e  a t the stead y  s t a t e  va lu e  (V^). The len g th  o f  time 
th a t the io n iz a t io n  ra te  may exceed  the stead y  s t a t e  v a lu e  w i l l  be 
determ ined by the ra te  a t which the anodq f a l l  responds to  changes in  
the io n iz a t io n  r a te .
In th is  chapter a sim p le model o f the anode f a l l  i s  p resen ted , 
and i t s  response to  changes in  io n iz a t io n  r a te  determ ined. I t  i s  
shown th at under c e r ta in  c o n d itio n s  the model p r e d ic ts  th a t the anode 
f a l l  w i l l  be u n sta b le .
The p r o c e sse s  occu rrin g  w ith in  the anodn zone are very complex 
and can not e a s i l y  be an a ly sed , e s p e c ia l ly  i f  the d is tr ib u t io n  o f  
space ch arge, e l e c t r i c  f i e l d  and e le c tr o n  and io n  cu rren ts are a l l  
allow ed  to  vary w ith  tim e. In order to  examine the co n d itio n s
n ecessa ry  fo r  the anodo f a l l  to  be s t a b le ,  a s ip p le  model o f  the anode
zone w i l l  be in trod u ced  and i t s  s t a b i l i t y  examined.
The v a r ia t io n  o f  p o t e n t ia l  in  the anode zone i s  assumed to be as
i l lu s t r a t e d  in  f i g .  5 .1 .  The d isch arge i s  con sid ered  in  one
dim ension fo r  s im p l ic i t y .  To the l e f t  o f  x  ^ o i s  th e  p o s i t iv e
column and between x « o and x = d i s  the anode zone. Between x = & 
and X “ d i t  i s  assumed th a t the e l e c t r i c  f i e l d  i s  c o n sta n t. The 
space charge i s  con cen tra ted  betw een x = o and x = &, where the f i e l d
V,
p o s i t i v e  c o l u m n
d
a n o d e  z o n e
figi 5 J  The  A s s u m e d  V a r i a t i o n  o f  P o t e n t i a l  w i t h  P o s i t i o n  
in t h e  A n o d e  Z o n e
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changes from the low v a lu e  in  the p o s i t iv e  coluim  to  the h igh  value in  
the anode zone. I t  i s  a lso  assumed th at in  the reg io n  o <  x ^  £ 
the space charge i s  uniform .
The r e la t io n  between the e l e c t r i c  f i e l d  in  the p o s i t iv e  column 
and the e l e c t r i c  f i e l d  in  the anode zone may be found u s in g  P o is so n ’s 
eq u a tio n ,
i  = F  (13)o
where p i s  the space charge d e n s ity .
I f  p i s  co n sta n t in  the reg ion  o <  x <  £ and i f  the e l e c t r i c  
f i e l d  in  the p o s i t iv e  column i s  (13) may be in te g r a te d  to  g ive
E = ^  -E , o < K <  I  , (14)
o
and (14) may be in te g r a te d  again  to g iv e  the v o lta g e
PV(k) = -  + E^k . (15)
o
In the reg io n  £ <  x <  d the space charge i s  zero and the v o lta g e  i s  
given  by
V(x) = ^  (x -  |£ )  'H E^x , (16)
o
so th a t the anode f a l l  i s  g iven  by
V = -  CA (d -  &A) + E d . (17)a e oo
I t  i s  assumed i  i s  much le s s  than d and th at E^d i s  much l e s s
than so  th at (17) may be approximated to g ive  
o
V = -  . (18)
The space charge p w i l l  vary accord ing to  the r a te  at which ion s
and e le c tr o n s  en ter  the re g io n  o f  space charge, The p o s i t iv e  ion  
curren t in  the p o s i t iv e  column i s  con stan t i f  the d isch arge curren t  
i s  h e ld  c o n sta n t. The ion  c u r r e n t ,e n ter in g  the space charge reg ion
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however i s  dependent on the ra te  a t  which ion s ape crea ted  in  the 
anode zone. This io n iz a t io n  r a te  depends on the anode f a l l  
The ion  curren t e n te r in g  the space charge reg io n  a t a time t  i s  
eb Z (t-T ) where Z (t) i s  the r a te  a t which ion s are crea ted  by 
e le c tr o n s  a c c e le r a te d  through the anode f a l l  a t  a time t ,p e r  u n it  
cross s e c t io n  o f the d isch a rg e . The t r a n s i t  time fo r  ion s to cross  
the anode zone i s  x and b i s  the fr a c t io n  of the ion s which take  
p art in  the conduction cu rren t and are not Ip s t  by d i f f u s io n  to the 
w a lls ,  or by recom bination . The ion s are crea ted  c lo s e  to  the anode 
so th a t  the ion  current e n te r in g  the space charge reg io n  i s  delayed  
by a time x.
The e le c tr o n s  e n ter  the space charge zone a t  a r a te  determ ined  
by the plasma in  the p o s i t iv e  column and which i s  independent of 
what happens in  the -anode zone. The e le c tr o n s  have a mean fr e e  path  
which i s  s e v e r a l tim es g r ea ter  than the w idth o f  the anode zone, d, 
so th at they may be assumed to  fr e e  f a l l  through the anode zone.
Since the e le c tr o n  current i s  con stan t the e le c tr o n  d e n s ity  i s  
in v e r s e ly  p ro p o r tio n a l to  the e le c tr o n  d r i f t  v e lo c i t y .  The v o lta g e  
a cross the space charge reg io n  i s  sm all i f  & << d so  th a t the  
e le c tr o n s  are not a c c e le r a te d  g r e a tly  in  th is  r eg io n  and th e ir  d r i f t  
v e lo c i t y  i s  determ ined by the v e lo c i t y  w ith  which they  e n ter  the zone, 
Thus the e le c tr o n  d e n s ity  in  the space charge zone i s  independent of 
the anode f a l l .
With the above assum ptions about the way in  which the space  
charge varies,, the r a te  o f change o f space charge i s  g iven  by
& ^  = eb Z (t -x )  -  . (19)
S u b s titu tin g  (18) in to  (19) to  e lim in a te  p g iv es  
e d V
-  r -  = eb Z (t-T ) -  . (20)
In eq u ilib r iu m  the io n iz a t io n  r a te  i s  Z^,where Z^  i s  g iv en  by
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Since 2 i s  a fu n c tio n  of the anode f a l l ,  eq u ation  Ç21) determ ines the 
eq u ilib r iu m  anode f a l l  , I f  the anode f a l l  i s  g iv en  by
v ( t )  where v << then (20) becom es, a f te r  c a n c e ll in g  the 
co n sta n t term s,
dv _ _ edb dZ
d t “ e dV 0  a
v ( t - x )  (22)
Vo
where i s  the r a te  o f change o f io n iz a t io n  r a te  w ith  v o lta g e
Yo
ev a lu a ted  a t the e q u ilib r iu m  v o lta g e . %e behaviour o f eq u ation  
(22) determ ines the s t a b i l i t y ,  or o th e rw ise , o f the anode f a l l .  
This w i l l  be con sid ered  in  the n ex t s e c t io n .
5 .2  The S t a b i l i t y  o f  the Anode F a ll
In s e c t io n  5 .1  a model o f the anode zone has been d iscu sse d  
cu lm inating  in  eq u ation  (22) which d e scr ib es  the tem pçràl behaviour  
o f the anode f a l l  c lo s e  to  e q u ilib r iu m . The c o n d itio n  fo r  the  
anode f a l l  to be s ta b le  i s  th a t ^ t )  tends to  i t s  e q u ilib r iu m  v a lu e  
as t  tends to  i n f i n i t y  ( i . e .  v ( t )  tends to zero as t  tends to  
i n f i n i t y ) .
The s o lu t io n  o f  (22) i s  o f the form
P . t
v ( t )  = S a . e (23)
i  ^
where the va lu es  o f the co n sta n ts  p^ are the s o lu t io n s  o f the 
equation
e-PT = 0 (24)p , ebd dZe dV o a Vo
and the are c o n s ta n ts .
For v ( t )  to  tend tp zero as t  tends to  i n f i n i t y  a f 1 the p  ^ o f 
(24) must have n e g a tiv e  r e a l  p a r t s .  I t  i s  shorn in  Appendix? A5
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th a t th is  c o n d itio n  req u ire s  th a t
edbx dZ
 ^ " G dVo a
n/2 . (25)
Vo
The va lu e o f  dZ/dV^ can be e stim a ted  u sin g  the theory o f  s e c t io n  
4 .5 . In order to  be c o n s is te n t  i t  i s  n ecessa ry  to assume a l in e a r  
v a r ia t io n  of v o lta g e  in  the anode zone ra th er  than the cub ic  form  
used in  s e c t io n  4 .5 ,  (This has the added advantage th a t i t  g iv es  Z 
as a f a ir l y  sim ple fu n c tio n  which may be d i f f e r e n t ia t e d ) .
The v o lta g e  in  the anode.zone i s  assumed to  be g iv en  by
V = x /d  , (26)
I f  the e le c tr o n  energy d is tr ib u t io n  i s  as assumed in  s e c t io n  4 ,5  then
the theory may be fo llo w ed  through as b efo re  w ith  (26) r e p la c in g  (10)
fo r  the v o lta g e  d is t r ib u t io n .  The io n iz a t io n  r a te  i s  g iv en  by
Z(V^) = JNa d G(V ,V^) (27)
where
E. (E .+ 3 V  -V  )V V (B.+3V )V
G(V^.V^) » e x p (-  exp ^ -------------------------------------(28)
e e a
Since (25) req u ires  the va lu e  o f  dZ/dV^, (28) must be 
d if f e r e n t ia te d  to  g iv e
3 0 . .  W  ^ \
a e a e e V ^a
In f i g .  5 .2  G and dG/dV^ are p lo t t e d  as fu n c tio n s  o f  w ith  
= 2 (a ty p ic a l  v a lu e ) .
This theory i s  a p p lied  to the example con sid ered  in  chapter 3 
s e c t io n  9 . The average p o s i t iv e  ion  cu rren t i s  e stim a ted  in  chapter
3 to  be 2 .4  x 10^  ^ sec"^ w ith  an e le c tr o n  current o f 10^® sac"’  ^ .
The a c t iv e  area of the anode i s  about 1 cnf , the gas number d e n s ity
4 X 10^ ® cmT^  and the w idth  o f the anode zone about 0 .5  cm. Using
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0 -6
0-04
0-02
0-01
( v o l t s  )A n o d e  Foil
fig 5 Inst
-43"
t h is  data in  equation s (21) and (27) g iv es  G(V^, V )^ equal to 0 .0 7 2 ,  
assuming b » 1 ( i . e .  a l l  the ion s crea ted  take p a r t in  the ion  
c u r r en t) . I f  i s  taken to  be 2 then V^, the eq u ilib r iu m  va lu e  o f
the anode f a l l  may be found from f i g .  5 .2  and i s  about 8V.
Before the con stan t c (d efin ed  in  ( 2 5 ) ) can be c a lc u la te d  i t  i s  
n ecessa ry  to e s tim a te  the ion  t r a n s i t  time t . Since the ion s f a l l  
f r e e ly  through the anode zone, r i s  g iven  by
2M ^T = d ( f f - )  (30)
a
where M i s  the mass o f the io n s .  With V equal to  8 v o l t s  t  i sa
1 .6  X 10“® s e c .
The va lu e  o f dG/dV^ a t -  8 may be found from f i g .  5 .2  and i s  
0 .024  so  th a t c may be c a lc u la te d  from the d e f in i t io n  in  (25) and i s  
1 ,16  X 10® . C learly  t h is  va lue i s  much g rea ter  than ïï/ 2! The model 
p r e d ic ts  th e r e fo r e , th a t the anode f a l l  should be very u n sta b le .
This was e v id e n tly  the case s in c e  la rg e  am plitude o s c i l la t io n s  occurred  
under the above c o n d it io n s . S ince the va lu e  o f c g iv en  by the model 
i s  so la r g e , the anode f a l l  w i l l  be u n stab le  fo r  a l l  the l ik e l y  v a lu es  
o f  J ,  N, d , T and in  an argon la s e r .
I t  has been found th a t  the anode f a l l  i s  norm ally u n stab le  in  
the argon ion  la s e r  used in  the experim ents rep orted  h e r e . I t  i s  
m ost u n stab le  (the o s c i l l a t io n s  have la r g e s t  am plitude) when 'the’.'.ariode 
forms ’ s p o t s ’ and the d isch arge curren t i s  con cen trated  onto a sm all 
area o f the anode. When anode sp o ts  are p resen t the anode f a l l  i s  
never s ta b le .  This model p r e d ic ts  th a t c in c r e a s e s ,  and the anode 
f a l l  becomes more u n sta b le  as the d isch arge cu rren t d e n s ity  in c re a se s  
(dZ/dV^ i s  p ro p o rtio n a l to  the cu rren t d e p s ity ) .  Thus the anode f a l l ,  
i s  expected  to  be most u n stab le  when anode sp o ts  are p r e se n t.
O ccasion a lly  the anode f a l l  has been found to be s t a b le .  This 
i s  contrary tp the p r e d ic t io n s  o f  th is  model. There are two main 
reasons why the model may o v e r -e s tim a te  the i n s t a b i l i t y  of the anode 
f a l l .  F ir s t ly  i t  i s  observed th a t when the anpde f a l l  i s  s ta b le  i t s
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va lu e i s  sm all ( 3 - 5  v o l t s ) .  At low va lu es o f the anode f a l l  the 
e stim a tio n  o f  io n iz a t io n  r a te  f a i l s  s in c e  the assum ption made in  
s e c t io n  4 .5  th a t the random e le c tr o n  energy should be much 
le s s  than the anode f a l l  f a i l s .  With such low v a lu e s  o f  the anode 
f a l l  the io n iz a t io n  ra te  w i l l  depend s tr o n g ly  on the e le c tr o n  random 
en ergy , but on ly  weakly on the v a lu e  o f  the anode f a l l .  The second  
reason th a t the model o v e r -e s tim a te s  the i n s t a b i l i t y  i s  th a t i t  has 
been assumed th a t a l l  the ion s are crea ted  very c lo s e  to the anode.
This i s  not s o ,  io n iz a t io n  occurs throughout the anode zone. The 
sh o r te r  the d is ta n c e  from the p o in t  a t which the ion  i s  crea ted  to 
the reg ion  o f space charge, the sh o r te r  i t s  t r a n s i t  tim e. This w i l l  
tend to reduce the i n s t a b i l i t y  o f  the anode zone as the anode f a l l  
w i l l  respond more r a p id ly  to  changes in  the io n is a t io n  r a te .
I t  i s  n ot p o s s ib le  to p r e d ic t  the frequency o f  the o s c i l la t io n s  th a t  
w i l l  occur when the anode f a l l  i s  u n stab le  as the am plitude of the 
o s c i l la t io n s  w i l l  grow u n t i l  they are l im ite d  by n o n - l in e a r i t i e s .
This c o n tra d ic ts  the assum ptions made in  d er iv in g  (22) from (2 0 ).
However a more fundamental l im it a t io n  i s  th a t i f  the f lu c tu a t io n s  in  
anode f a l l  are n ot very much sm a ller  than the mean va lu e  of the anode 
f a l l  the t r a n s i t  time t can n o t be considered  to  be a constan t 
which i s  independent o f  the f lu c tu a t io n s  in  the anode f a l l .
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CHAPTER 6
REDUCTION OF ANODE MODULATION NOXSR IN THE LASER 
OUTPUT AND CONCLUSIONS
6 .1  Suppression o f  the Anode O s c i l la t io n s
I t  has been found th a t anode o s c i l la t io n s  may m odulate the la s e r  
l i g h t  to a depth o f s e v e r a l  p ercen t ( s e c t io n  2 .3 ) ,  The most obvious 
way o f p rev en tin g  th is  source o f ex cess  n o ise  on the la s e r  output i s  
to  suppress the anode o s c i l l a t i o n s ,  p o s s ib ly  by s u ita b le  d esign  o f the 
d isch arge  tube, Sometimes a s ta b le  anode f a l l  has bepn observed  in  
the plasma j e t  la s e r  used in  the experim ents rep orted  h e r e . Such 
behaviour only occurs over r e s t r ic t e d  ranges o f o p e r a tin g  param eters 
( i . e .  p r e ssu r e , c u r r e n t, and m agnetic f i e l d ) ,  A s ta b le  anode f a l l  
has only been observed a t  cu rren ts above about 15 Amps and u su a lly  
only a t  p ressu res  betx^een 0 .2  and 0 .4  to r r . (This i s  a lso  the 
reg ion  in  which the la s e r  u su a lly  o p e r a te s ) . However i t  has been  
found th at i t  i s  n o t p o s s ib le  to  ob ta in  r e l ia b le  q u ie t  op era tion  
( i . e .  no o s c i l l a t io n s )  e s p e c ia l ly  when the la s e r  i s  operated  w ith  an 
a x ia l  m agnetic f i e l d .
The experim ents o f Suzuki (12) su g g est th a t the s t a b i l i t y  o f the 
anode zone i s  a f fe c te d  by the geometry o f the anode r eg io n  o f  the 
plasm a tube and th at o p era tio n  fr e e  from o s c i l la t io n s  may be ob ta in ed  
w ith  a c y l in d r ic a l  anode c o -a x ia l  w ith  the a x is  o f  the d isch arge  tube 
i f  the anode i s  c lo s e  to the end o f  the la s e r  c a p il la r y  (w ith in  about 
1 cm). Such behaviour has been sought in  the la s e r  used h e r e , but 
i t  has n ot been observed . The d is ta n c e  between the end o f  the anode 
and the la s e r  c a p i l la r y  has been v a r ied  between 1 and 5 cm but no 
s ig n i f ic a n t  d if fe r e n c e  in  the s t a b i l i t y  of the anode f a l l  has been  
observed .
There i s  some in d ic a t io n  th at the co n d itio n  o f  the su rfa ce  o f  
the anode may in flu e n c e  the s t a b i l i t y  o f  the anode f a l l .  I f  the 
su rfa ce  o f the anode i s  n o t c lean ed  b e fo re  use ( fo r  e?:ample by sand 
b la s t in g )  then * anode spots*  are l ia b le  to form. Such anode sp ots
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are a s s o c ia te d  w ith  anode o s c i l la t io n s  o f  la rg e  am plitude (ch apter 3 ) , 
The q u ie te s t  op eration  has been ob ta in ed  when the anode has been  
cleaned  in  d i lu te  n i t r i c  a c id .
A r e l ia b le  method o f p rev en tin g  anode o s c i l la t io n s  was d ev ised  
by Pupp (19 ,13 ) who p laced  a therm ionic cathode c lo s e  to  the anode 
and a su b s id ia r y  d isch arge was run betw een th is  cathode and the anode. 
The e f f e c t s  o f th is  cathode were to reduce the anode f a l l  o f  the main 
d isch arge to  a low v a lu e  (1 3 ), and to suppress the o s c i l l a t i o n s .  
G alehouse, e t  a l  (11) have used th is  method in  an argon ion  la s e r .
6 . 2 S ta b i l iz a t io n  o f  the D ischarge Current
I t  appears th a t the use o f an a u x ilia r y  cathode c lo se  to  the  
anode o f  the main d isch arge i s  the most r e l ia b le  way of su p p ressin g  
anode o s c i l l a t i o n s .  However i t  i s  n o t n ecessa ry  to  e lim in a te  the  
o s c i l la t io n s  in  order to p revent them from m odulating the la s e r  l i g h t .  
I f  the la s e r  d isch arge current i s  s t a b i l iz e d  so th a t the o s c i l la t io n s  
do n o t m odulate the d isch arge  current then the la s e r  l i g h t  i s  n o t  
m odulated ( s e c t io n  2 .3 ) .  The s t a b i l iz a t io n  i s  r e a d ily  ach ieved  by 
in c lu d in g  an in d u ctor  in  s e r ie s  with, th e  la s e r  tube so  th a t the  
impedance o f the d isch arge c ir c u i t  i s  la rg e  a t  the frequency o f  the 
o s c i l la t io n s  ( se c t io n  2 .2 ) .
The va lu e  o f  the in d u ctor  n ecessa ry  to reduce the m odulation o f  
the la s e r  power below  a predeterm ined fr a c t io n  F o f  the average power 
i s  r e a d ily  e s tim a te d . I t  i s  assumed th a t the impedance o f  the gas 
d isch arge and the output impedance o f  the power supply are much l e s s  
than the impedance o f  the in d u ctor  a t  the frequency o f  the o s c i l la t io n s  
( f ) .  The r e la t io n  between the m odulation of the d isch arge curren t 
and the m odulation o f  the la s e r  power i s  d iscu sse d  in  appendix A2.
I f  the la s e r  i s  o p era tin g  s u f f i c i e n t l y  fa r  above th resh o ld  so  th at  
the la s e r  power does n o t drop to  zero during p a r t o f  the c y c le  o f  the 
o s c i l l a t i o n s ,  then AP/P i s  g iven  by C (I) Al/X where I i s  the d isch arge  
c u rren t, AI i s  the am plitude o f the current m odulation , P and AP are
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the average output power and the am plitude o f  the m odulation o f the 
output power, and C(X) i s  d e fin ed  in  appendix Â2.
The req u ired  co n d itio n  i s
which may be w r itte n
4  ' (32)
I f  the am plitude of the o s c i l l a t io n s  in  the anode f a l l  i s  AV 
then AI i s  g iven  by
AI « AV/C2TTfL) , (33)
where L i s  the inductance o f  the choke.
Hence the minimum inductance fo r  the requ ired  s t a b i l i t y  i s  g iven  by
“ S F  4 4  • (34)
T yp ica l va lu es  of the param eters are AV « 1? V (peak to  p ea k ), 
f  = 20 KHz, I  -  40 A and C(I) -  2 , I f  i t  i s  d e s ir e d  to  reduce the  
peak-to~pealc power m odulation to  le s s  than 1% then the minimum va lu e  
of the in d u ctor  i s  4 .8  mH. In commercial argon ion  la s e r s  i t  i s  
usual to use an e le c t r o n ic a l ly  s t a b i l iz e d  power su p p ly . A s im p lif ie d  
diagram o f such a supply i s  shown in  f i g .  6 .1 .  The d isch arge current  
i s  reg u la te d  by a bank of t r a n s is to r s  connected in  p a r a l le l  in  a 
common c o l le c t o r  c i r c u i t .  The output impedance o f  such a power supply
i s  determ ined by the v a lu e  of the e m itte r  r e s is ta n c e s  and the ga in
of the t r a n s is to r s .  With s u ita b le  t r a n s is to r s  the output impedance 
w i l l  remain large  up to  h igh  freq u en c ie s  so th a t  the anode o s c i l la t io n s
w i l l  not m odulate the d isch arge cu rren t,
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6 .3  C onclusions
I t  has been dem onstrated th a t anode o s c i l la t io n s  are freq u en tly  
a fea tu re  o f  the argon la se r  d isch a rg e . Langmuir probe measurements 
and S tu d ies o f  the l ig h t  em itted  from the anode reg io p  o f the d isch arge  
show th a t o s c i l l a t io n s  are produced in  the anode zone, and th e se  
ob serva tion s can be understood in  terms o f  Pupp's phenom enological 
theory  o f  anode o s c i l la t io n s  (1 3 ). The sim ple model of the anode 
f a l l  d iscu sse d  in  chapter 5 en ab les  the s t a b i l i t y  o f  the anode f a l l  
to be examined and th is  model p r e d ic ts  th at the anode f a l l  w i l l  be 
u n stab le  fo r  a l l  v a lu es  o f  the d isch arge param eters appropriate  to  an 
argon la s e r ,  and so agrees w ith  experim en tal f in d in g s .
The in h eren t i n s t a b i l i t y  o f  the anode f a l l  need n ot be a source  
o f  e x c ess  n o ise  in  the la s e r  output as i t  has been dem onstrated th a t  
the o s c i l la t io n s  in  the anode f a l l  on ly  modulate the l ig h t  i f  they  
are allow ed to m odulate the d isch arge  çu rren t. I f  the d isch arge  
curren t i s  s t a b i l iz e d  then the anode o s c i l la t io n s  have no e f f e c t  on 
the output o f the la s e r .
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APPENDIX Al
THE PLASMA JET LASER WITH A SEGMENTED METAL TUBE
A l . l  The Laser Tube
A ll the experim ents d isc u sse d  in v o lv e  an argon io n  la s e r  w ith  a 
segmented m etal tube and a plasma j e t  cath ode. The d esig n  of the 
la s e r  i s  unconventional in  th at a l l  the s e c t io n s  o f the plasma tube 
are m eta l. This p rov id es a ro b u st s tr u c tu r e  th a t i s  f u l ly  
dem ountable, a fea tu r e  th a t  proved very u s e fu l when stu d y in g  th e  anode 
o s c i l l a t i o n s .
A plasma j e t  cathode fo r  an argon la s e r  has been d escrib ed  by 
M aitland (2 2 ). A s im p lif ie d  diagram o f  the cathode reg ion  o f  the 
la s e r  i s  shown in  f i g .  A l . l .  Argon en ter s  the cathode d isch arge  
chamber through a n o z z le  and flow s through e sm all o r i f i c e  in  the 
plasma j e t  anode from the cathode d isch arge  chamber in to  the plume 
expansion  chamber. The p ressu re  in  the plume expansion  chamber i s  
m aintained  a t a va lu e  appropriate  t o . the la s e r  d isch arge (u su a lly  
betojeen 0 .2  and 1 t o r r ) .  The p ressu re  in  the cathode d isch arge  
chamber i s  b e tïveen 30 and 100 to r r . A d ir e c t  cu rren t arc o f  about 
80 amps betw een the tu n gsten  rod and the plasma j e t  anode h ea ts  the 
tungsten  rod to incan d escen ce and p rov id es a copious source o f  
e le c tr o n s .  The io n iz e d  gas emerges from the o r i f i c e  as a luminous 
plums rem in iscen t o f a flam e. The main d isch arge i s  e s ta b lis h e d  
between th is  plume o f  io n iz e d  gas and the la s e r  anode.
The la se r  tube c o n s is t s  o f aluminium segments in s u la te d  from 
one another and vacuum se a le d  w ith  neoprene ’ 0* r in g s  ( f i g .  A 1 .2 ).
The segments are coo led  by w ater f lo w in g  through a s e r ie s  o f  h o le s  
around the c e n tr a l b o r e . The tube must be segmented and the 
segments in s u la te d  from one another to  ensure th a t the d isch arge run.s 
through the c a p i l la r y  and does n ot form arcs a t  the ends o f the tube. 
During the course o f  the in v e s t ig a t io n  tubes o f d i f f e r e n t  bore and 
segment len g th  have been used . The bores range from 3 i #  to  6 mm 
diam eter. Eor tubes o f b o r e .4 ,5  and 6 mm a segment len g th  o f 75 mm
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was used . For the 3 mm bore tube the segment len g th  was reduced to  
15 mm.
The sm a ller  the bore the sh o r te r  the maximum u sab le  segment 
le n g th  th a t  can be used . Of the tubes th a t have been used , the 4 ram
tube had segments which were ra th er  too long  at 75 mm. The consequence
o f  t h is  i s  th at the range over which the op era tin g  param eters can be 
v a r ied  i s  reduced and arcing  between segments occurs when the range i s  
exceeded . The in ter -seg m en t arcs burnt the ’ O’ r in g s  and l e t  w ater  
in to  the tube, e x t in g u is h in g  the d isch a rg e .
The anode reg io n  o f the d isch arge was bounded by a w ater cooled  
copper c y lin d e r . The anode i t s e l f  was con stru cted  from two 
co n cen tr ic  copper c y lin d e r s  w ith  w ater flow in g  between them f i g ,  A1.2 
The cy lin d e r s  were co n c e n tr ic  w ith  the la s e r  a x is .  Two anodes o f  
d if f e r e n t  diam eter have been used: 75 mm x 28 mm od x 13 ram id  and
75 mm X 16 mm od X 6  mm id .  Although both anodes have a len g th  o f  
75 mm, the d isch arge never spreads back more than 20 mm from the end
o f the anode n ea rest the c a p i l la r y ,
A gas retu rn  path i s  provided  between the anode and the plume 
expansion  chamber. This i s  n ecessa ry  to prevent gas pumping 
in c r e a s in g  the p ressu re  a t  the anode end of the tube. The 3 nm tube 
has lo c a l  gas retu rn  paths produced by d r i l l in g  t%fo 2  mm h o le s  through  
each segment p a r a l le l  to the a x is  and j u s t  in s id e  the inner *0 ’ r in g .
The h o le s  in  s u c c e s s iv e  segments are o f f s e t  so that the gas return path  
forms a la b y r in th  and the d isch arge  does n ot run through the return  
path . The gas p ressu re  i s  measured a t the anode end o f  the tube w ith  
a McLeod gauge i s o la t e d  from the system  by a l iq u id  n itr o g e n  co ld  trap .
A fu sed  s i l i c a  window in  the w a ll o f the tube en ab les l ig h t  from 
the d isch arge near the anode to be observed . The e f f e c t i v e  diam eter  
of th is  window i s  on ly  about 1 2  mm, l im it in g  the reg io n  from which  
l ig h t  can be c o l le c t e d .
Figure A1.2 shows the lo c a t io n  o f the Langmuir probe used to  
study the anode plasm a.
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The la s e r  tube i s  surrounded by a so le n o id  to provide an a x ia l  
m agnetic f i e l d .  The so le n o id  i s  a s in g le  la y er  o f w ater coo led  
copper tubing wound on a former a t  1 turn per cm. The so le n o id  
op erates a t cu rren ts  o f  up to about 500 Amps. The m agnetic f i e l d  
thus reaches a va lu e  o f  about 600 gauss in  the c e n tr a l reg ion  bu t  
d e c lin e s  to about h a l f  th is  va lu e  a t  the ends o f the s o le n o id . The 
fr in g in g  f i e ld s  are s t i l l  s u f f i c i e n t ly  stron g  near the anode for  the 
m agnetic f i e l d  to  a l t e r  the frequency and am plitude o f  the anode 
o s c i l l a t i o n s .
A1.2 Power Supplies
The v o lta g e  across an argon ion  la s e r  changes only s lo w ly  as the 
cu rren t i s  v ar ied  beb^een q u ite  wide l im it s  (see  appendix A2 f i g .  A 2.1), 
I t  w i l l  be shown in  appendix 2 th at the power supply must have a h igh
output impedance i f  a s ta b le  d isch arge  current i s  to be m aintained w ith
such a load . This may be ach ieved  e ith e r  by in c lu d in g  a la rg e
b a l la s t  r e s i s t o r  in  s e r ie s  w ith  the power su p p ly , which i s  very
w a s te fu l o f  power, or by some system  of e le c tr o n ic  current s t a b i l i s -  
a t io n . The requirem ents are fu r th e r  com plicated  by the need to 
Supply the f u l l  range o f  curren t over a wide range o f  d isch arge  
v o lta g e s ,  s in c e  the v o lta g e  across the d isch arge tube v a r ie s  w ith  
p ressu re  and m agnetic f i e l d .
The power supply used in  th is  in v e s t ig a t io n  was a Newport 
Instrum ents motor gen erator  magnet power supply type C4b. H iis u n it  
su p p lie s  curren ts o f up to 90 amps a t  a v o lta g e  of up to 250 V.
The curren t i s  s t a b i l iz e d  to  1 part in  ICf when connected to  a 
r e s i s t i v e  or in d u c tiv e  load . The s t a b i l i t y  may be somewhat poorer  
w ith  a gas d isch arge load .
The most se r io u s  l im it a t io n  o f the C4b i s  th a t i t s  maximum load  
v o lta g e  (250 V) i s  ra th er  low . The range o f a v a ila b le  o p era tiq g  
v o lta g e s  has been extended by u s in g  a su b s id ia r y  u n s ta b iliz e d  power 
supply in  s e r ie s  w ith  the g en era tor . The c ir c u i t  o f the power supply
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used fo r  the 3 mm tube i s  shown in  f i g .  A I.3 . The su b sid ia r y  supply  
i s  a 3 phase h a l f  wave r e c t i f i e r  whose v o lta g e  i s  c o n tr o lle d  by a 
3 phase a u to -tran sform er. The su b s id ia r y  supply has a ra th er  
inadequate LC f i l t e r  fo r  sm oothing. The r ip p le  curren t i s  however 
g r e a tly  reduced by the motor gen era tor .
The diode D1 p r o te c ts  the power supply when a la rg e  v o lta g e  
(about 1 .5  KV) i s  ap p lied  across th e  tube to  i n i t i a t e  the d isch a rg e .
The h igh  v o lta g e  i s  ob ta in ed  from a sep ara te  s ta r te r  supp ly  (not 
shown) capable o f  su p p ly in g  2 KV a t  1 amp. The 50 ohm r e s i s t o r  in  
p a r a l le l  w ith  the gen erator  and the 3 ohm s e r ie s  r e s i s t o r  ensure  
smooth s t a r t in g .  Once the d isch arge  i s  drawing a few amps from the 
motor generator SI may be c lo se d  and the 3 ohm r e s i s t o r  sh orted  o u t.
The diode D2 and the ca p a c ito r  C suppress v o lta g e  sp ik es  th a t  
occur i f  the d isch arge cu rren t i s  in te r u p te d . The d iod e .ch arges  
G to  the o p era tin g  v o lta g e  and then e f f e c t i v e l y  i s o l a t e s  C from the  
g en era tor . I f  the d isch arge  cu rren t i s  broken the inductance o f the 
gen erator  w indings produces a p o s i t iv e  v o lta g e  sp ik e  which ifpTWard 
b ia s e s  D2 and the energy i s  absorbed by C w ith ou t the v o lta g e  reach ing  
an e x c e s s iv e  v a lu e . The d iode D2 i s  n ecessa ry  as the feedback n e t ­
work o f  the gen erator  may become u n sta b le  w ith  a ca p a ca tiv e  load .
The in d u ctor  L ensures th a t th e  supp ly has a h ig h  A.C., impedance 
so th a t the v o lta g e  o s c i l l a t io n s  do not m odulate the cu rren t.
A1.3 The I n i t ia t io n  o f  the D ischarge in  a Metal Laser Tube
The i n i t i a t i o n  o f  a d isch arge  in  a conducting w a ll  tube may 
p resen t some d i f f i c u l t y .  In the absence of a conducting gas in  the 
tube w ith  i t s  a s so c ia te d  'w a ll  sheath s * an e l e c t r i c  f i e l d  can p en etra te  
only  a sh o rt d is ta n c e  in to  the c a p i l la r y .  The e l e c t r i c  f i e l d  f a l l s  
to about 1  -  1 0 % o f  i t s  v a lu e  betw een the segments a t  a d is  tance d 
in to  the segm ent, where d i s  the diam eter of the c a p il la r y  (4 5 ). 
A pplying a h igh  v o lta g e  a cross the tube to  i n i t i a t e  the d isch arge may 
th ere fo re  e s t a b l i s h  a s e r ie s  o f  arcs between the segments ra th er  than 
a d isch arge through the c a p i l la r y .
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I t  has been found th a t a d isch arge may be e s ta b lis h e d  in  a 
segmented la se r  by ap p ly in g  a h ig h  v o lta g e  across th e  tu b e , provided  
c e r ta in  p reca u tio n s are taken. The high v o lta g e  i s  provided  by a 
con tin u ou sly  v a r ia b le  s ta r t e r  supply w ith  i t s  cu rren t l im ite d  to one 
amp by a la rg e  va lu e  b a l la s t  r e s i s t o r .
The la s e r  d isch a rg e  i s  i n i t i a t e d  a t  a p ressu re  o f about 2 to 
3 to r r . The v o lta g e  i s  in c re a se d  s lo w ly  u n t i l  the d isch arge ' s t r i k e s ’ 
and the v o lta g e  across the tube f a l l s  to  about 200 V. I f  the tube 
has n ot been used b e f o r e , or has been exposed to  the a ir  fo r  some time 
then the v o lta g e  i s  in c re a se d  very s lo w ly  in  s te p s  a llo w in g  tim e for  
the cu rren t to  s t a b i l i z e  a f te r  each s t e p ,  b e fo re  in c r e a s in g  the 
v o lta g e  fu r th e r . The cu rren t a t th is  s ta g e  i s  o f the order o f ten s  
o f  mi H i  amps. lAen the curren t reach es about 100 mA the d isch arge  
s t a r t s  to go over to the low v o lta g e  mode. The curren t in c r e a se s  to  
about 1  amp when the v o lta g e  f a l l s  b u t the h igh  current d isch arge  i s  
r a p id ly  ex tin g u ish e d  as gas and vapours are r e le a s e d  from the w a l ls .  
A fter  a m inute or so  when the vapours have been pumped away the 
d isch arge s t r ik e s  aga in . This con tin u es u n t i l  the tube i s  c lean  and 
a s ta b le  low v o lta g e  d isch arge i s  e s ta b lis h e d . Attempts to  rush th is  
procedure u su a lly  r e s u l t  in  in tersegm en t arcs which d estroy  the 'O’ 
r in g s .
A tube which i s  in  reg u la r  use can be s ta r te d  by app ly ing  the  
high  v o lta g e  im m ediately and a s ta b le  h igh  curren t d isch arge i s  
formed. Exposure o f  the tube to  the a ir  fo r  sh o r t p er iod s (say  
1 0  m in s. )  does not contam inate the tube s ig n i f ic a n t ly  and r e s ta r t in g  
the d isch arge p r e sen ts  no d i f f i c u l t y .
A 1.4 The Performance o f  the Segmented Metal Tube Laser
The fou r d i f f e r e n t  la s e r  tubes used in  th is  in v e s t ig a t io n  a l l  
behaved in  an e s s e n t i a l l y  s im ila r  manner. The performance o f  two 
o f  them w i l l  be d escrib ed  as they r e p resen t two d i f f e r e n t  approaches 
to  argon la s e r  d e s ig n . The f i r s t  i s . the 6  mm bore tube. This i s
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a la rg e  c a p il la r y  s iz e  and seems to  be s u ita b le  fo r  g en era tin g  h igh  
powers w ith  good e l e c t r i c a l  e f f i c i e n c y .  The second tube to  be 
d escrib ed  i s  the 3 mm bore la s e r  which i s  more r e p r e se n ta t iv e  o f  
p resen t p r a c t ic e  in  argon la s e r  d e s ig n . The sm ell bore la s e r  
operated  at h igh  curren t d e n s ity  prov id es moderate powers a t somewhat 
low er e f f i c i e n c y  than the la rg e  bore system  but has the advantage th a t
a g r e a te r  fr a c t io n  o f the maximum power i s  a v a ila b le  in  the TEM oo
mode. The sm all bore la s e r  i s  a lso  capable o f g en era tin g  U.V. 
r a d ia tio n  from the Ar I I I  spectrum  w ith ou t e x c e s s iv e ly  h igh d isch arge  
c u r r e n ts .
The 6  mm la s e r  had an a c t iv e  len g th  o f  6$0 mm and could  be 
operated  a t curren ts o f  up to 90 amps. The output power o f  the
la se r  i s  shown in  f i g .  A1.4 as a fu n c tio n  o f  cu rren t. The power i s  
in  5 l i n e s ,  predom inantly the 4880 & and 5145 %. l in e s .  Two 6  m
rad ius m irrors spaced 1 ,8  m apart w ith  a 5% output cou p lin g  formed the
c a v ity . No attem pt was made to o p tim ise  the m irror radius or output 
co u p lin g . The power i s  d iv id ed  betw een many tra n sv erse  and 
lo n g itu d in a l modes.
The maximum power th at has been obtain ed  from th is  la s e r  i s  
14 W a t  a curren t o f 85 amps, a p ressu re  of 0 .3 8  to rr  and a m agnetic  
f i e l d  o f  500 gau ss . The e f f i c i e n c y  o f  a la s e r  i s  u su a lly  d efin ed  
as the r a t io  of the output power to  the power d is s ip a te d  in  the  
d isch arge tu be, ig n o r in g  the power d is s ip a te d  in  the so le n o id  e t c .  
Using th is  d e f in i t io n  the e f f ic ie n c y  o f the 6  mm bore la s e r  was 
0.075% in  the above c a s e , and the power per u n it  volume o f a c t iv e  
medium was 0 . 8  W/cc.
The output power o f the 3 mm la s e r  i s  shown as a fu n c tio n  o f  
current in  f i g .  A 1.5. The power i s  again the a l l  l in e s  m u lt i-  
mode power. The c a v ity  was formed by a 2 m rad ius maximum 
r e f l e c t i v i t y  m irror and a 6  m 5% tra n sm issio n  m irror spaced a t  
1 .2  m. In th is  case th ere  are s ig n s  th a t  the power i s  b eg in n in g  to  
sa tu r a te  at a current o f around 50 amps, although i t  i s  p o s s ib le  th a t
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th is  may ba due to witido'tf e f f e c t s  to be d iscu ssed  below . The 
maximum e f f i c i e n c y  obta in ed  from t h is  la s e r  was 0.035% which occurred  
not a t the h ig h e s t  curren t b u t a t  45 A. Above, th is  curren t the  
v o lta g e  across the d isch arge tube r is e s  s te e p ly  whereas the power 
in c r e a se s  l e s s  r a p id ly  and the e f f i c i e n c y  i s  reduced. I t  i s  o f  
in t e r e s t  to  note  th a t the th resh o ld  fo r  U.V, gen era tio n  i s  about 45 amps 
ju s t  where the c h a r a c te r is t ic s  o f the d isch arge s t a r t  to  change. The 
power per u n it  volume o f  a c t iv e  medium was about 1 . 8  W/cc.
H erziger and S e e lig  (38) have p r e d ic te d  th a t la rg e  bore system s 
shou ld  be more s u i ta b le  fo r  the gen era tion  o f  h igh  power from an argon 
la s e r .  This seems to be borne ou t by th ese  f in d in g s . The e f f i c i e n c y  
o f  the large  bore la s e r  i s  s u b s t a n t ia l ly  b e t te r  than th a t o f the sm all 
bore system . The g rea ter  power per  u n it  volume ob ta in ed  from the  
sm all bore la s e r  i s  probably due, a t  l e a s t  in  p a r t , to i t s  h igh er  
o p era tin g  p r e ssu r e .
A1.5 Power L im ita tio n  by Brewster Angle Windows
The powers shown in  f i g s .  A1.4 and A1.5 were ob tain ed  when the  
brews te r  angle windows had j u s t  been c lea n ed . A fter  about 3 hours 
running at h igh  cu rren ts a d e p o s it  on the anode end window s t a r t s  to  
absorb a s ig n i f ic a n t  amount o f power. l# en  th is  happens the in s id e  
su r fa ce  o f  the window h e a ts  up and d is to r t s  m isa lig n in g  the c a v ity .
This causes la rg e  f lu c tu a t io n s  in  the power and e v e n tu a lly  the power 
s t a b i l i z e s  a t about 2 W. This e f f e c t  has been d iscu sse d  by De Mars 
e t  a l  (39 ) .
The nature o f  the d e p o s it  i s  not c le a r , b u t i s  probably m e t a l l ic .
I t  may be due to s p lu t t e r in g  from the c a p illa r y  w a lls  or p o s s ib ly  
tu n gsten  from the cathode. The m a te r ia ls  w hatever i t s  orig in^  i s  
swept p a st the anode and d e p o sited  on the window. The window a t  the 
cathode end i s  e f f e c t e d  much l e s s . Various methods have been tr ie d  
to p reven t the m a te r ia l b e in g  d ep o sited  on the window. Transverse  
m agnetic f ie ld s  and su b s id ia r y  d isch arges both tra n sv erse  and
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along the a x is  o f the la s e r  between the window and the anode ware 
in e f f e c t iv e »  Some improvement has been obtaih ed  by flo w in g  fr e sh  
in to  the tube near the window and removing i t  through the gas return  
path near the anode» The flow  o f  gas away from the window towards 
the anode w i l l  tend to  sweep the unxfanted atoms or ion s away from the 
window» This accum ulation o f  an absorbing d e p o s it  on the window near  
the anode i s  n o t p e c u lia r  to the m etal tube plasma j e t  la s e r  b u t has 
been observed in  quartz system s a lso  (3 9 )» I t  i s  probably the most 
se r io u s  problem w ith  h igh  power argon la s e r s  » Sealed  system s w ith  
b e r y l l ia  tubes seem capable o f  q u ite  long l i f e  ( 1 0 0 0  h r s ») a t  power 
l e v e l s  o f  around 2 W» However i t  remains to  be seen  i f  continuous  
power le v e ls  o f  around 10 W can be ach ieved  w ith  lo n g  l i f e »  The 
advantage o f  the plasma j e t  la s e r  i s  th at when a d e p o s it  accum ulates 
on the windows they may r e a d ily  be removed fo r  clean ing»
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APPENDIX A2
THE STABILITY OF THE CURRENT IN AN ARC OR ' GAS DISCHARGE
Arcs and gas d isch arges do n o t have a l in e a r  r e la t io n  between  
the curren t and the v o lta g e , A v o lta g e  curren t c h a r a c te r is t ic  o f 
the main la s e r  d isch arge i s  shorn in  f i g ,  A2.1 and a c h a r a c te r is t ic  o f 
the plasma j e t  in  f i g ,  A 2,2 , Ihe la s e r  d isch arge shows a p o s i t iv e  
s lo p e  r e s is ta n c e  (r = dV /dl) w h ile  the plasma j e t  shows a n e g a tiv e  
s lo p e  r e s is ta n c e .
The usual method o f  c o n tr o l l in g  the curren t in  an arc or gas 
d isch arge i s  to  in c lu d e  a la rg e  b a l la s t  r e s i s t o r  in  s e r ie s  w ith  the  
d isch a rg e . A s e r ie s  r e s i s t o r  i s  w a s te fu l o f  power so  fo r  the h igh  
current d isch arges a s s o c ia te d  w ith  argon la se r s  i t  i s  p r e fe r a b le  to  
use some form o f  e le c t r o n ic  cu rren t c o n tro l in  the power supply to  
provide an e f f e c t i v e  h igh  impedance source fo r  the d isch arge cu rren t. 
From the p o in t o f  v iew  o f the curren t s t a b i l i t y  the la r g e  output 
impedance i s  e q u iv a le n t  to the s e r ie s  b a l la s t  r e s i s t o r ,
A 2,1 The Load Line
I f  the arc or d isch arge  power supply i s  a con stan t v o lta g e  
source w ith  a s e r ie s  b a l la s t  r e s i s t o r  then the o p era tin g  curren t may 
be found from the c h a r a c te r is t ic  by means o f the load  l in e .  I f  E i s  
the source v o lta g e  and R i s  the r e s is ta n c e  o f  the b a l la s t  r e s is to r  
the load  l in e  has the eq u ation
V = E -  IR
The p o in t a t which the load  l in e  cu ts  the d isch arge c h a r a c te r is t ic  
g iv e s  the o p era tin g  cu rren t and v o lta g e .
The procedure i s  i l l u s t r a t e d  in  f i g ,  A 2 ,l , With E -  270 V,
R = 1 ohm ( l in e  AB), the o p era tin g  p o in t i s  B a t I = 53 A, I f  E i s  
reduced by 1 p ercen t to 267 V the load  l in e  becomes CD and the 
o p era tin g  curren t i s  reduced to  51 A, 3he curren t has changed by 
4% fo r  a 1 % change in  source v o lta g e .
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This i l l u s t r a t e s  the d i f f i c u l t y  iti m aitita iu iu g  a s ta b le  d isch arge  
cu rren t and hence s ta b le  ou tp u t power from the la s e r .  In crea sin g  
the va lu e  o f the b a l la s t  r e s i s t o r  improves the s t a b i l i t y  o f the  
current but i s  w a s te fu l o f  power,
A2o2 The S t a b i l i t y  o f  the Current
The current f lu c tu a t io n s  th a t occur as a r e s u lt  p f f lu c tu a t io n s  
in  d isch arge v o lta g e  or supp ly v o lta g e  may r e a d ily  be c a lc u la te d  for  
the sim ple case o f the d isch arge  s t a b i l i s e d  w ith  a b a l la s t  r e s i s t o r .
The r e la t io n  between E^Rj the d isch arge current I and the v o lta g e  i s
(E-V^) = IR (A l)
I f  E and have sm all time vary in g  components they  may be 
w r itte n
E = E 4- e ( t )  (a)
°  (A2)
Vd “ -I- v (.t)  + Ir (b)
where r i s  the s lo p e  r e s is ta n c e  g iv en  by the c h a r a c te r is t ic  a t  I ,  and
both and are c o n sta n ts . S u b s t itu t in g  (A2a) and (A2b) in to  (Al)
and se p a r a tin g  the con stan t and time dependent p arts  g iv es
E -  V
i ( t )  “ (A4)
where the curren t i s  g iven  by 1  -  + i ( t ) .
I f  e ( t )  and v ( t )  are indep en d en t, then we have
<i' ( t)>  = + "y! . ( A 5 )
(R+r)^
where < > denotes an average over  tim e.
Equation (A5) shows th a t  for  good purrent s t a b i l i t y  R-i-r must be 
as la rg e  as p o s s ib le .  I f  r i s  n e g a tiv e  R+r may tend to zero in  which 
case < i^ (t )>  w i l l  tend to  i n f i n i t y  and a s ta b le  d isch a rge  w i l l  be 
im p o ss ib le . I f  R+r i s  n e g a tiv e  th is  a n a ly s is  f a i l s .  This can be
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seen  by ta k in g  v ( t )  E 0 , then i f  e ( t )  > 0 , i ( t )  < 0 (eq uation  (A 4)). 
This i s  n o t c o n s is te n t  w ith  equation  ( 1 ) .  A s ta b le  d isch arge  i s  not 
p o s s ib le  in  th is  case and an a n a ly s is  o f  the tr a n s ie n t  behaviour  
req u ires  c o n s id er a tio n  o f  the inductance and ca p a c ita n ce  o f the c ir c u i t  
and the tr a n s ie n t  b ehaviour o f the d isch a rg e .
A2.3 The R e la tio n  betw een F lu c tu a tio n s  in  D ischarge Current and 
F lu ctu a tio n s in  Laser Power 
I f  the f r a c t io n a l  change in  the d isch arge  curren t o f  the la s e r  i s  
A l/I  then the fr a c t io n a l  change in  the output power i s  g iven  by
4  = 4  = « «  4  '
where AP and Al are assumed to  be sm a ll. The va lu e  of G(I) may be  
found from the g ra d ien t o f  a graph o f  lo g  P a g a in s t  lo g  I .  T yp ical
p lo ts  o f  lo g  P a g a in s t  lo g  I for  an argon la s e r  are shown in  f ig .A 2 .3 «
For the 3 mm la s e r  G(I)  v a r ie s  from 4 .5  a t  20 amps to  2 a t  40 amps,
and fo r  the 6  mm la s e r  G(I) v a r ie s  from 10 at 40 amps to  2 a t 80 amps.
The d if fe r e n c e  between the two low cu rren t va lu es o f C(I) i s  th a t a t 
a power o f  1 0 0  mW the 3 mm la s e r  i s  o p era tin g  fu r th e r  above i t s  
th resh o ld  cu rren t than the 6  mm la s e r .
I t  i s  apparent th a t  c lo s e  to th resh o ld  a sm all change in  d isch arge
curren t may produce a la rg e  change in  power ou tp u t. Even w e ll  above
th resh o ld  the f r a c t io n a l  change AP/P in  the power i s  o f  the order o f  
tw ice the fr a c t io n a l  change in  d isch arge  current ( A I /I ) .  Taking the 
example con sid ered  in  A2.1 a 1% change in  supply v o lta g e  produces a 
4% change in  d isch arge  cu rren t. This w i l l  produce a change In output
power o f  8 % or even more depending on how c lo s e  the la s e r  i s  to  i t s
th resh o ld  cu rren t.
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• APPENDIX A3 
PROBE MEASUREMENTS IN THE ANODE REGION
The plasma in  the anode reg io n  o f the la s e r  ( th a t  reg io n  between  
the c a p il la r y  and the anode) has been s tu d ie d  w ith  a Langmuir probe to 
ob ta in  in form ation  about the e le c tr o n  tem perature, e le c tr o n  d e n s ity  and 
the anode f a l l .  The probe i s  a len g th  o f  tu n gsten  w ire  0 ,5  mm in  
diam eter sh ie ld e d  from the plasma by a fused  s i l i c a  sh eath  ex cep t for  
the f in a l  4 mm. The probe i s  in s e r te d  in to  the d isch arge a t  a 
d is ta n c e  o f  1 0  mm from the anode w ith  i t s  a x is  p erp en d icu lar  to  the 
a x is  o f  the la s e r  ( f i g ,  A l ,2 ) ,  Measurements o f l i g h t  in t e n s i t y  
in d ic a te  th at the probe i s  o u ts id e  the reg ion  o f  h igh  f i e l d  ( and 
space charge) near the anode. The probe was n ot moved in to  the h igh  
f i e l d  reg ion  as the in te r p r e ta t io n  o f  probe measurements in  reg ion s o f  
la rg e  space charge i s  very u n cer ta in .
The p r o p e r tie s  o f  the plasma are found from the v a r ia t io n  of 
probe curren t w ith  v o lta g e  (the probe c h a r a c t e r is t ic ) .  The probe 
c h a r a c te r is t ic s  are recorded on an XY p lo t t e r  u sin g  the c ir c u i t  
shown in  f i g ,  A 3,1 , The second e le c tr o d e  used In  the probe c ir c u i t  
i s  n ot the d isch arge anode as i s  usual bu t the d isch arge cathode.
This i s  n ecessa ry  because o f the la rg e  v o lta g e  o s c i l la t io n s  betw een  
the probe and the anode. The s t a b i l i s e d  power supply p rov id es an 
a d ju sta b le  o f f s e t  v o lta g e  fo r  the XÏ p lo t t e r .  The peak anode 
v o lta g e  i s  measured w ith  the d i g i t a l  v o ltm eter  u sin g  a peak m easuring 
c ir c u i t  (D1 and C ). The d i g i t a l  vo ltm eter  i s  used to  c a lib r a te  the 
s c a le  o f  the XY r e co rd er . In th is  way the p o te n t ia l  d if fe r e n c e  
befa-yeen the probe and the peak anode v o lta g e  may be found. An 
o s c i l lo s c o p e  photograph o f  the anode v o lta g e  o s c i l l a t io n s  to g eth er  
w ith  the pealc anode v o lta g e  g iv es  the in stan tan eou s anode v o lta g e ,
A ty p ic a l  probe c h a r a c te r is t ic  i s  shown in  f i g ,  A 3,2 , For 
probe v o lta g e s  s u f f i c i e n t l y  below the space p o te n t ia l  the curren t  
in c r e a se s  on ly  very s lo w ly  w ith  v o lta g e . The curren t drawn by the
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probe in  tb-is reg io n  i s  the io n  s a tu r a tio n  current As the probe
p o te n t ia l  approaches the space p o t e n t ia l  an e le c tr o n  cu rren t i s  
c o lle c t e d  by the probe and the t o t a l  probe curren t changes s ig n  and 
in c r e a se s  ra p id ly  w ith  v o lta g e . The p o te n t ia l  a t  which the current 
drawn by the probe i s  aero i s  the f lo a t in g  p o te n t ia l  V .^
The t o t a l  probe cu rren t i s  g iven  by
"p = -  t .
where and are the magnitudes o f  th e  e le c tr o n  and io n  c u r r e n ts . 
The e le c tr o n  curren t i s  sep arated  from the io n  curren t by assuming 
th a t  the ion  current v a r ie s  l in e a r ly  w ith  v o lta g e  and th a t the 
sa tu r a tio n  ion  current may be ex tr a p o la ted  as a s t r a ig h t  l in e  ABC 
( f i g .  A 3 .2 ), The e le c tr o n  curren t i s  the d if fe r e n c e  between the 
t o t a l  probe current and th is  e x tr a p o la ted  io n  cu rren t. Any errors  
in trod u ced  by th is  procedure w i l l  be sm all provided  »  I^.
The fo llo w in g  a ssu n ctio n s  are made in  order to  in te r p r e t  the  
probe c h a r a c te r is t ic  (the v a l id i t y  of th ese  assum ptions w i l l  be 
examined below )
(1) The n e t  space charge i s  zero .
(2) The e le c tr o n  mean fr e e  path A and the ion  mean fr e e  path Ae 4-
are much g r ea ter  than the probe radius r ^ .
(3) Tlie e le c tr o n  tem perature T  ^ i s  much g rea ter  than the p o s i t iv e  
ion  tem perature T^.
(4) The probe rad iu s r^ i s  much g rea ter  than the Debye len g th  A^.
(5) The energy d is tr ib u t io n  o f  the e le c tr o n s  i s  M axwellian.
Sub ject to  th ese  c o n d it io n s  the e le c tr o n  curren t i s  g iven  by
(40 p . 13)
M e ' S(V -V ,)
“  " e  ® * p  ( - 5 ------- )  i £  V < (A6 )e e
whe rè
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-  e le c tr o n  d e n s ity  -  probe area
e , = e le c t r o n ic  charge “ space p o te n t ia l
= mass o f  e le c tr o n  V “ probe p o te n t ia l
The ion  current i s  more d i f f i c u l t  to  t r e a t  t h e o r e t ic a l ly .  Many 
th e o r ie s  of ion  c o l l e c t io n  have been proposed (see  40 chapter 6 , and 
41) some o f  which are very d i f f i c u l t  to apply . An approximate 
ex p r e ss io n  fo r  the ion  current^ s u b je c t  to  the c o n d itio n s  (1) to (5) 
i s ,  (4 0 j p . 12 and p . 115, and 41 p . 150)
kT ^
~ ^p % ® ) Î (A7)
where K i s  a con stan t between 0 .5  and 0 .6  and M i s  the ion  mass.
The con stan t k v a r ie s  accord ing  to  the ion  tem perature (40 
p . 115). The va lu e  used here was 0 .5 .  The d e r iv a t io n  o f  (A7) i s  fa r  
from rigorou s so  g rea t p r e c is io n  i s  n o t j u s t i f i e d  and only  order of 
magnitude agreement can be ex p ec ted . This sim ple e x p r e ss io n  fo r  
does n ot p r e d ic t  any v a r ia t io n  o f  ion  current w ith  v o l ta g e , th ere  i s  
th e r e fo r e  some am biguity in  d ec id in g  a t  what p o t e n t ia l  (A7) may be  
con sid ered  to app ly . For convenience i t  was decided  to  apply (A7) 
a t  the f lo a t in g  p o te n t ia l  V^.
The e le c tr o n  tem perature i s  found from the probe c h a r a c te r is t ic  
by p lo t t in g  the logarith m  o f the e le c tr o n  current found as d escrib ed  
above a g a in st  the probe v o lta g e . This u su a lly  g iv e s  a good s t r a ig h t  
l in e  in d ic a t in g  th a t the e le c tr o n  energy d is t r ib u t io n  i s  M axwellian (£<g A 33). 
The g ra d ien t o f the l in e  i s  p ro p o rtio n a l to  T^"\ , tJhen the e le c tr o n  
tem perature has been found, the e le c tr o n  d e n s ity  may be c a lc u la te d  
from the ion  s a tu r a t io n  curren t u sin g  (A7).
I t  i s  u sual to  determ ine the space p o te n t ia l  by in c r e a s in g  the  
probe cu rren t u n t i l  the e le c tr o n  cu rren t sa tu ra tes?  the p o te n t ia l  a t  
which t h is  occurs i s  the space p o t e n t ia l .  This method cou ld  n ot be 
used as a current o f  over 1 A could  be drawn from th e  probe w ith ou t  
any s ig n  o f  s a tu r a t io n . Currents as la rg e  as th is  w i l l  tend to
[A*w*wA%tasuBKf(iabAS&«3a3r;m3«RB«jaAj:mwTk5W#W9MM3«aA'«M!fV'a«:P*%eztj3i*q:f«p&%2'%."fŸ \^firyz%inR):n&%3)a3:A%a
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f i g A 3.3 Se mi  - l o g  Plot  of  Probe  • Electron Cu r rent
a g a i n s t  P ro b e  Voltage  from t h e  Probe
Charac ter i s t i c  s h o w n  in fig, A 3.2
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overheat the probe and probably s e r io u s ly  perturb the sheath  around 
the probe by th erm ion ic  e m iss io n . The space p o te n tia l , was found, 
th e r e fo r e , u sin g  (A6 ) and (A7) and the f lo a t in g  p o te n t ia l  . At 
V^, i s  equal to  so  th a t eq u atin g  and e v e n tu a lly  g iv e s
kT
K irm^e
E xp erim entally  T^  i s  found to l i e  w ith in  the range 17 ,000  -  
24 ,000  K and' n^ i s  o f the. order 1-2 x 10^  ^ cnf^ fo r  a la s e r  current  
o f  between 20 and 40 A and a p ressu re  o f the order o f  0 .5  t o r r .
The gas tem perature has been found to  be about 1800 K by m easuring  
the Doppler broadening o f  the s p e c tr a l  l in e s  (ch apter 4 ,4 ) .  The
v a l id i t y  o f  assum ptions (1) -  (5) may now be examined.
Assumption (1) i s  b e l ie v e d  to  be j u s t i f i e d  as sp e c tr o sc o p ic  
exam ination  su g g e sts  the probe i s  w e ll  o u ts id e  the anode f a l l  reg ion  
(chapter 4 .2 ) .  The gas p ressu re  reduced to 273 K ranges from about 
0 .05  to 0 .08  to r r . At th is  p ressu re  the e le c tr o n  mean fr e e  path  
w i l l  be about 13 mm (.'AO p. 18) and the io n  mean fr e e  path w i l l  be 
about 1 /4  o f t h is  v a lu e . Thus c o n d itio n  (2) i s  s a t i s f i e d .  The 
experim ental v a lu e s  o f  T^  are about an order o f magnitude g r e a te r  
than T  ^ so  (3) i s  a ls o  s a t i s f i e d .  The Debye len g th  i s  g iven  by
6  kT ^
A, =
Taking T^  = 23 ,200  K and n^ -  1 0 ^^  crpT^  g iv e s  X  ^ -  3 ,3  x 10"'^  cm
th ere fo re  (4) i s  a ls o  s a t i s f i e d .  I t  has a lready been noted  th a t a
Maxx^ellian d is t r ib u t io n  appears to  be appropriate  for  the e le c tr o n s ,  
so  th a t a l l  5 c o n d itio n s  are s a t i s f i e d ,  and eq u ation s (A6 ) and (A7) 
shou ld  be ap p rop ria te .
I f  the o s c i l l a t io n s  m odulate the plasma param eters near the  
probe, the in te r p r e ta t io n  o f  the probe c h a r a c te r is t ic s  i s  com plicated  
(42 , 4 3 ). I t  has been found, how ever, th a t provided  the d isch arge  
current i s  n o t m odulated by the o s c i l l a t i o n s ,  the probe v o lta g e  i s  n o t  
m odulated. The probe must th e re fo r e  be p laced  o u ts id e  the reg io n  in  
which the o s c i l l a t io n s  are produced.
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APPENDIX A4
THE TEMPERATURE OF ATOMIC HYDROGEN IN AN ARGON PLASMA
I t  has been observed th a t the tem perature o f  hydrogen atoms 
in  the anode reg ion  o f the d isch arge  i s  much h igh er than th a t o f  the  
argon atoms ( se c t io n  4 ,4 ) .  This may be exp ected  s in c e  a hydrogen  
atom b ein g  l ig h t e r  ga ins more energy from each c o l l i s i o n  w ith  an 
e le c tr o n  than does an argon atom. This p rocess w i l l  be examined in  
more d e t a i l  u sin g  elem entary k in e t i c  theory .
Only e l a s t i c  c o l l i s i o n s  are co n sid ered , and the e le c tr o n s  and 
atoms are trea ted  as sm ooth, hard sp h eres . The plasma i s  assumed 
to c o n s is t  o f 5 components; heavy atoms (argon) mass m^, l i g h t  atoms 
(hydrogen) mass m^, e le c tr o n s  mass m^, heavy ion s mass m^  and l ig h t  
ion s mass m .^ Heavy p a r t ic le s  w i l l  be d esig n a ted  type (1) and l ig h t  
p a r t ic le s  by type ( 2 ) ,  The co n cen tra tio n  o f l ig h t  atoms i s  much l e s s  
than th a t o f  the heavy atoms and the f r a c t io n a l  io n iz a t io n  i s  assumed 
to be sm all (  < 1%), The co n cen tra tio n  o f  l ig h t  io n s  i s  assumed to  
be very sm all and w i l l  be ign ored .
The energy gained  by a p a r t ic le  of mass c o l l id in g  w ith  a 
p a r t ic l e  o f mass m^  i s  g iven  by 
2  m^ m^
= ----------- {m u ^  -  m u_  ^ 4- m u-u„ -  m«u p } (A9)(m^+m )^  ^ ^   ^ 1 1 2  2 1 2
where u  ^ and u^ are the components o f  the v e l o c i t i e s  o f  p a r t ic le s  ( 1 ) 
and (2 ) a long the l in e  o f  c e n tr e s ,
Although the system  i s  n o t in  thermodynamic eq u ilib r iu m s i t  i s  
conven ien t to  assume a Max^vell Boltzmann d is t r ib u t io n  o f  en erg y ,
The Langmuir probe measurements (appendix A3) in d ic a te  th a t th is  i s  
q u it e ,a  good approxim ation f o r .t h e  e le c tr o n  energy d is t r ib u t io n .
In p r in c ip le  i t  i s  p o s s ib le  to  deduce the v e lo c i t y  d is tr ib u t io n  o f the  
atoms from the D oppler broadened p r o f i l e  o f  the s p e c tr a l  l i n e s ,  
although in  p r a c t ic e  t h is  method i s  l ik e l y  to be ra th er  in a ccu ra te  
due to n o ise  on the measured l in e  p r o f i l e .
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Using a Maxwell Boltzmann d is tr ib u t io n  (A9) can be averaged over  
the v e l o c i t i e s  o f  p a r t ic le s  type (1) and (2)„ The average energy  
tra n sfe r re d  from (2 ) to  (.1 ) per c o l l i s i o n  i s  g iven  by
2  m^ m^  kA2  =  -  T. ) , (AlO)
where T^  and T^  are the r e sp e c t iv e  tem peratures and k i s  Boltzm ann's 
co n sta n t,
For the chosen model o f  the plasm a, the r a te  a t  which energy i s  
gained by type (.2 ) p a r t ic le s  from the e le c tr o n s  must be equal to  the  
r a te  a t which i t  i s  l o s t  to  the type (1) p a r t ic l e s ,  (The e le c tr o n s  
are tre a te d  as an i n f i n i t e  h ea t source and the heavy p a r t ic le s  as an 
i n f i n i t e  h e a t s in k ) .  E quating the r a te s  o f  ga in  and lo s s  o f energy  
g iv es  j
, 2  m„m k , 2  .m,.m k , . 2  im.m^
^ ^ ^ ^  ^ ^  (A ll)
where v^^ the c o l l i s i o n  r,ate between l ig h t  and heavy atoms
v^^ i s  the c o l l i s i o n  ra te  between e le c tr o n s  and l ig h t  atoms 
v^^ i s  the c o l l i s i o n  r a te  between l i g h t  atoms and heavy iqns  
T^;T2 ÿTg and T^  are the tem peratures o f the heavy atoms, l ig h t  atoms 
e le c tr o n s ,  and heavy ion s r e s p e c t iv e ly .
Since m^  >> m^  >> m^  (A ll)  may be s im p lif ie d  to  g iv e ,
m.m V v „ ,  m_m v  v  ,
T _(l + —  + — ) = T. + —  T_ + —  T, (A12)
m^  ^ ^12 ^12  ^ m '^ ^12  ^ ^12 ^
E xperim entally  i t  i s  found T  ^ i s  c lo s e  to T^(T^ = 2 ,4 0 0  K, T^  =
2 0 0 0  K) and s in c e  the f r a c t io n a l  io n iz a t io n  i s  sm all we have
^24 ^12* (A12) may be s im p lif ie d  to g ive
m m . V mm vT ( 1  + _ji£) = T. + - L A  T (A13)
2 ''12  ^ mg' ''12 ^
The c o l l i s i o n  ra te  betw een heavy atoms and l ig h t  atoms may be w r itte n
■66*
^ 1 2  ” ^1 ^2 ^1 2 ^ 2  c o l l i s i o n s  cm"^  s e c ”'^  (Â14)
\ ■
where N. and N. are the number d e n s i t ie s  o f  the heavy and l ig h t  atom s, 
1 2  ‘
0 ^ 2  the c o l l i s i o n  cro ss  s e c t io n  and U2  i s  the average v e lo c i t y  o f  
the lig h t , atom s, (The heavy atoms move much more s lo w ly  than the  
l ig h t  atoms so U2  must be u sed ).
S im ila r ly  the c o l l i s i o n  ra te  betw een the l ig h t  atoms and the
e le c tr o n s  i s  g iven  by - ^
^23 “ ^2^3^23^3 '
where i s  the e le c tr o n  number d e n s ity , O2 3  the cro ss  s e c t io n  for  
the c o l l i s i o n ,  and u^ i s  the average v e lo c i t y .o f  the e le c tr o n s .
From (A14) and (A15) the r a t io  o f the c o l l i s i o n  r a te s  i s  g iven  by
The e a s i e s t  way to  compare t h is  theory w ith  experim en ta l r e s u lt s  
i s  to  use the measured v a lu e s  o f  T^;T2 , and T  ^ to  c a lc u la te  '^23^^12  
from (A13) and then compare th is  w ith  the va lu e  c a lc u la te d  from (A16), 
From (A13) the r a t io  ''^23^^12 g iven  by
V . .  T^ -* T m^
I f  the l i g h t  atoms are hydrogen and the heavy atoms argon -m^  = 40 m2  
and m2  -  1840 T yp ica l v a lu e s  o f  T^, T2  and T^  are 2000 K,
5 ,5 0 0  K, and 20 ,0 0 0  K, Tlius V2 2 / v ^ 2  i s  equal to  90 , ■
To c a lc u la te  '^23^^12 (A16) req u ires  a knowledge ■‘^ 23^‘^ 12*
I f  the atoms and e le c tr o n s  are tr e a te d  as hard sp h eres w ith  the i 
e le c tr o n s  much sm a ller  than the o th er  p a r t ic le s  which are assumed to  
have the same d iam eter, then ^ 2 3 ^ ° \1   ^ 1 /4 , T yp ica l v a lu es  o f  
and N are 10‘  ^ cmT^  and 2 x 10^ ® cm“^ . S u b s t itu t in g  th ese  v a lu es
1  ^ . i ■
in  (A16) g iv e s  ^23^"^\2 " 1 /10» very much le s s  than the va lu e  (90) • 
c a lc u la te d  from (A 17), .
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I t  i s  c le a r  th e r e fo r e  th a t th is  theory i s  t o t a l ly  inadequate to  
e x p la in  the la rg e  d if fe r e n c e  between the tem perature o f the argon and 
the tem perature o f  the hydrogen. Using th is  model the exp ected  
d if fe r e n c e  in  tem perature i s  o n ly  70 K,
To e x p la in  the observed tem peratures, we pow con sid er  the e f f e c t s  
o f  i n e la s t i c  c o l l i s i o n s .  These c o l l i s i o n s  g e n e r a lly  tr a n sfe r  le s s  
t r a n s la t io n a l  energy from the e le c tr o n s  to  the atoms than e l a s t i c  
c o l l i s i o n s ,  however there i s  an im portant e x c ep tio n . A hydrogen  
m olecule may be d is s o c ia te d  by an e le c tr o n  c o l l i s i o n  i f  the m olecule  
i s  e x c ite d  to the 1^2^ s t a t e .  This s t a t e  i s  r e p u ls iv e  and the atoms 
f l y  a p a r t, each ca rry in g  o f f  2 .1  eV o f  k in e t i c  energy (4 4 ). This 
p rocess prov ides a source o f  h igh  energy hydrogen atoms which on ly  
lo s e  th e ir  energy to  the h e a v ier  argon atoms a f te r  many c o l l i s i o n s .
The th resh o ld  fo r  e x c it a t io n  o f the s ta t e  by e le c tr o n  c o l l i s i o n
i s  8 . 8  eV.
The h igh  tem perature o f  the hydrogen atoms i s  probably due to  
the energy gained by the hydrogen atoms in  the d is s o c ia t io n  o f  a 
hydrogen m olecu le . The average energy of the hydrogen w i l l  be 
determ ined by the r a te  a t which energy i s  l o s t  by the atoms to  the  
h e a v ier  argon atoms and by the d is s o c ia t io n  r a te . Re com bination o f  
hydrogen atoms (probably a t the w a l ls )  w i l l  provide a continuous  
source o f hydrogen m olecu les to  s u s ta in  the d is s o c ia t io n  r a te .  This 
p rocess i s  d i f f i c u l t  to an a lyse  s in c e  recom bination r a te s  and 
d if fu s io n  tim es to and from the w a lls  are not known.
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APPENDIX A5
THE STABILITY CRITERION FOR THE ANODE ?ALL
' I t  has been shown in  s e c t io n  5 .1  th a t the s t a b i l i t y  c r it e r io n  
fo r  the anode f a l l  i s  th a t the ro o ts  o f  the equation
p .  d |_ |  a-pT .  0 (AIS)
°
should  have n eg a tiv e  r e a l p a r ts ,
I t  i s  conven ien t to  in trod u ce a fu n c tio n  g(q) where
g(q ) “ q -S' ce  ^ (A19)
w ith  q = x-f-iy = px, and c = Gp dV  ^ y
o
The r e a l  and im aginary p arts o f  g are g iven  by
R{g) -  X 4 ce ^ cos y (a)
I{g} = y -  ce ^ s in  y (b)
CA20)
In order to  examine the behaviour o f th is  fu n c tio n  g and lo c a te  
the zeros in  the q^plane, the fu n c tio n  i s  p lo t te d  in  the g -p lan e w ith  
X as a f ix e d  parameter and y as a v a r ia b le  parnm eter. The locu s of 
(R{g}j I {g })  as y i s  v a r ie d  is  a c y c lo id  ( f i g ,  A 5 .1 ) , which may be 
e it h e r  p r o la te  (b) or c u r ta te  (,a) and ( c ) .  The cen tre  o f  the c ir c le  
tra c in g  ou t the c y c lo id  moves a long the l in e  x = x^ (x^ i s  the f ix e d  
valu e o f  the param eter x) and the radius o f  the c ir c le  i s  ce
The ro o ts  o f  (A18) are found from the zeros o f (A19)« I f  g(q) 
has a zero  w ith  the r e a l part o f  q equal to  x  ^ then the locu s o f  
g(x^^iy) must pass through the o r ig in  as y i s  v a r ie d . The v a lu e s  o f  
x^ and y a t  which t h is  occurs g iv e  the roots o f  (A 18), The co n d itio n  
fo r  s t a b i l i t y  i s  th a t the locu s must n o t pass through the o r ig in  for  
x^ g r e a te r  than or equal to zero .
Consider f i r s t  the locu s w ith  c = 1 ,2  and x “ o ( f i g ,  A 5 ,l ( a ) ) .  
In th is  case the c y c lo id  i s  c u r ta te  bu t the ce n tr a l loop does n ot
'C3’~Q
- CN
o>
CM CDCNCO
N
LO
Ô
IIx“
_o
otl^
><
"o
"OQJ
O>
> ,
cna
O)
o
mooo
cu_ch~
LO<
O)
<4«m
CM
II
U
JC
LO
cbIII
X
u
o —69"*
e n c lo se  the o r ig in ,  the lo cu s  p a sses  to  tjrie r ig h t  o f the o r ig in ,
in c r e a s in g  the va lu e  o f  d ecrea ses  the radius o f  the c ir c le  tra c in g
out the c y c lo id  and s h i f t s  i t s  cen tre  to the r ig h t?  so  th a t the locu s
can n ot pass through the o r ig in  fo r  p o s i t iv e  ( f i g .  A5.1 ( b ) ) .
Reducing the va lu e o f  x^ below zero en la rg es  the radius o f  the c ir c le
tr a c in g  out the c y c lo id  and s h i f t s  i f s  cen tre  to  the i e f t .  In f i g .
5 .1  ( c ) ,  w ith  x^ “ -OoS the c e n tr a l loop e n c lo se s  the o r ig in  so th at
between x = - 0 .5  and x -  0 th ere  i s  a v a lu e  o f x fo r  which the  o o o
lo cu s  p a sses  through the o r ig in . In th is  case  th e re fo r e  there are
roo ts w ith  n e g a tiv e  r e a l p arts  but no roo ts  w ith  p o s i t iv e  r e a l p a r ts .
With a la r g e r  va lu e  o f c , (c=2) the loops o f  the c y c lo id  e n c lo se
the o r ig in  for  x^ = 0 ( f i g .  A5.2 ( a ) ) .  ' In crea sin g  the va lu e  o f x^
once again reduces the radius o f the c ir c le  tra c in g  ou t the c y c lo id
and s h i f t s  i t s  cen tre  to the r ig h t  ( f i g .  A5.2 ( b ) ) .  However in  th is
case between the v a lu es  of x “ 0  and x = 1  th ere  i s  a v a lu e  o f  x0  o o
for  which the locu s p a sses  through the o r ig in . T herefore there are
at l e a s t  two p o s i t iv e  r o o ts  o f (A18)„ (There are a t l e a s t  two ro o ts  
s in c e  i f  p i s  a root o f  (A18) then i t s  complex conjugate p* i s  a ls o  a 
root)o
I f  the locu s o f  g ( iy )  does n o t e n c ir c le  the o r ig in  then a l l  the  
zeros o f  g occur for  v a lu es  o f  q w ith  n e g a tiv e  r e a l p a r ts . Tlie 
c r i t i c a l  va lue o f  c for  which g ( iy )  p asses through the o r ig in  i s
r e a d ily  found from (A20) and i s  c = n /2 . I f  c i s  l e s s  than it/ 2 the
c y c lo id  g ( iy )  does n o t e n c lo se  the o r ig in ,  i f  c i s  g r ea ter  than ti/ 2
then i t  does. The c r it e r io n  req u ired  th ere fo re  fo r  (AfS) to have a l l  
i t s  ro o ts  w ith  n e g a tiv e  r e a l  p arts  i s
i s .  § _ |  < . / 2
o a V o
CJJ
o d
(N!
cn
COCNCO
I
O)
II
x°
o
t!
X
*CJ
(N
IIU
_c
TJo;
cn
cno
X
O)
a
I
o
ifi3Oo
QJ JZ 
!—
(N
LO<
C7)
■ 70
APPENDIX A6
J, Phys. D: Appl. Phys., 1971, Vol. 4. Printed in Great Britain
axial modes m a passive cavity
J. N . R O S S t
Laser Associates, 697 Stirling Road, Slough, Bucks 
MS. received 9ih March. 1971
Abstract. The fm laser consists of a laser with a phase modulator in the cavity, driven at a frequency of approximately the axial mode spacing. A passive two-mirror cavity and a passive ring cavity containing such a modulator arc analysed using travelling plane waves. i The axial modes of the cavities are shown to be phase modulated and their centre frequencies and peak phase deviation are determined in 
each case.
1, ïntmâncîloji
' A method of stabilizing a multimode laser is to lock the modes together in phase. One 
method of doing this is to include in the cavity a phase modulator driven at a frequency 
of approximately the mode spacing. The nature of the resulting laser output depends on 
how close, the modulation frequency is to the mode spacing frequency. If the frequencies 
are exactly the same then the output of the laser is a train of narrow pulses repeated at 
the modulation frequency. However, if the modulation frequency is slightly detuned from 
the mode spacing, under certain circumstances the laser radiation may be frequency modu­
lated and the amplitude noise due to beating of the modes may be suppressed. This was 
first demonstrated by Harris and Targ (1964) and has been analysed in considerable detail 
by Harris and-McDuff (1965) using Lamb’s (1964) semi-classical theory.
Here we present a différent way of analysing the frequency modulated laser which is 
applicable to both travelling and standing waves. We solve the wave equation for a 
one-diménsionaî passive cavity containing a phase modulaton The electric field is repre­
sented by a sinusoidal travelling wave with an arbitrary phase term which is permitted 
to be a function of time and space. We show that when the wave equation is solved for this 
cavity the solutions have the same centre frequency as the modes of a simple cavity but that 
the arbitrary phase term takes on the character of a sinusoidal phase modulation. The value 
of the peak phase deviation is the same for all modes and in a special case reduces to that 
derived by Harris and McDuff.
The modes of the cavity are now no longer of constant phase but are phase modulated. 
For a two-mirror cavity the electric field cannot now be reduced to standing waves as is the 
case in the absence of a modulator, The method is also applied to a ring laser cavity and 
it is shown that, in contrast to the two-mirror cavity, the peak phase deviation does not 
depend on the position of the modulator in the cavity.
2, The passage of a wave through a medium with time-varying susceptibility
In this section we consider electromagnetic waves in a medium with a polarization 
P(z, t). To simplify the problem we consider only a polarized plane wave travelling in the 
positive z direction, thereby reducing the problem to one dimension. The appropriate 
onc-dimensionai wave equation for the electric field may readily be derived from Maxwell’s
t Present address; Physics Department, School of Physical Sciences, St Andrews University, 
St Andrews, Scotland.
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, dE_ d^P ...3 + /toO' Qf 9 / 2
. where a is the conductivity of the medium.
In the linear approximation P is proportional to E  and we write
. CO
where y' and are the in-phase and quadrature susceptibilities. We only consider a
passive cavity, therefore both o- and x" are zero. For this case, and letting x' be time
dependent, equation (1) becomes
- |p -h /to e o  ^•{(1+X')-Ê'}=0- (3)
We assume that is of the form
x' = + Ax'  cos vt (4)
where Ax'^xo'»When the susceptibility varies, the optical path length varies and so we expect the time- 
varying susceptibility to modulate the phase of the wave. Therefore we look for a solution 
of the form
E= Eq exp i ( ü ) / + t) — Kz) (5)
where co and ic are constants and ^ i s a  slowly varying phase term. The condition that ^ 
is slowly varying may be written 9^/dz4  k, dtf>jdt4  w.
We now assume E dx'l^t<^x' ^^l^t so that equation (3) becomes
— +  Po^oi 1 -h X»' "h Ax' cos vt) 0. (6)
From equations (5) and (6) we finally obtain
{/c^~/xf)eo(i ^  /^ o^ o(I +% (/)-/^ o<:oAx'cj^  Cos W=0 (7)
where we have neglected terms of order d^tftfdz^, (9^/9z)^, (d^fdty  and Ax' d<f>/dt.
Introducing the refractive index no and the speed of light c, defined respectively by
= 1 F XQ% c^~l/po^o
and defining /c so that K=now/c, we then obtain
£  £  cos vt=0. (8)/Î0 9z dt 2/to^
If we can find an acceptable solution to equation (8), then equation (5) is a solution of the 
wave equation (3). In the case of a constant x', that is Ax'=0, then solving equation (8) 
shows ^ to be a function of t —noz/c. This tells us that in a non-dispersive medium the 
phase modulation is transmitted at the phase velocity of the wave and that there is no 
distortion.
3. The phase modulator
Phase modulation is achieved by passing light through a medium of time-varying suscepti­
bility. The variation in susceptibility is brought about by applying an electric field of the 
required frequency in a direction which depends on the non-linear crystal used as a modulator. 
In designing modulators, one of two courses is usually adopted. In the first, the modulator 
is made short so that the transit time of the light through the crystal is much less than the
•72-
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period of the modulation. Alternatively, at high frequencies, the electric field producing the 
susceptibility variations is in the form of a travelling wave with the same direction and 
phase velocity as the light wave. (This is the principle of phase matching familiar in the 
theory of second harmonic generation of light.) ’ , ■
We consider a plane wave incident upon a modulatpr in which the phase of the time- 
varying susceptibility is the same throughout the modulator. We shall investigate an 
incident wave with an arbitrary phase modulation and how it is modified in passing through 
the modulator. The treatment to follow adopts the first course without the restriction on 
the length of the modulator. The problem is to solve the wave equation in three regions 
of space :
Region A z< !  where
Region B I where A0, A x V 0
Region C z> î-^d  where x '“ 0. . •
In region A we have a plane wave an'd we note that it must be of the form (5) in which ^  
is a function of t —mzjc ; with no — 1 we get . .
E —Eo exp -  o>zfc) ’ (9)
where is an arbitrary phase modulation, To obtain the field E  in region B we must first 
solve equation (8), If Ax' were zero, would be a function of r—woa/c, where m  is given 
by no—( l T h e r e f o r e ' w e  try a solution
and obtain
wliich gives
X = — «A™ sin V/4  constant,. ' 2rt(pv
We may absorb the constant into the function B  to obtain . ,  ^ ,
<f>{i(z,t)~B(t~nozfc)’-''f]smvt . - ( 10)
where ■ . . .
CO")
From equation (5), the electric field in region B may be written . , ‘
jE"—TTo exp i(w  ^4- ^ B(z, 0  — (unoz/e) % , > (11)
with ^n(z, i) given by (10), In region C we have x '“ 0 so the electric field is of the form
JS'==£’o expi(ojr+^c(^, r) — n»z/c). (12)
The boundary conditions are that at z —/ and z ~ l+ d  the amplitude and phase of the waves 
in each region must be the same.
Equating the phases at the first boundary z = / we get
B{f  — Ifc+Tj sin vt.
If we replace t by t^-noz/c+nollc in this equation we can find B (/—noz/c) and hence obtain 
9^ n(z, 0  from (10); we get
Î) ^ç—n o g / ç } 1) <v//c4 ’»?{sin v(f-no2/c+wo//c)-sin V?}. (13)
-7 3 —
Phase modulated axial modes in a passive cavity 1095
Similarly, by equating the phases at the se'cond boundary, we obtain
^ o(f—zjc) — —(no — 1) die—zjc) — (no — 1) tadjc '[sin v{t'~nQdjcA-{lpd)jc-^zfc}~'sm v{t-\-{J‘pd)lc—zlc)}, . (14)
We have found the phase modulation term for the wave emerging from the modulator. 
The time-independent term in equation (14) just represents a constant phase shift terra and 
^A is the original phase modulation of the wave entering the modulator, also with an 
appropriate phase shift. The remaining term describes the phase modulation introduced 
by the medium of the phase modulator.
A case of special interest occurs when the transit time is much less than the period of 
modulation. This condition is given by mdlc<^\jv. Expanding equation (14) and 
imposing this condition we obtain
^c(/- z/c) =  — (no—1) oùdjc+ ^a{/• («0 - 1) djc-zlc)
v{t-\-(lA-d)lc~zjc),
To show that this is in agreement with the value obtained by simple arguments, assuming 
that the thickness of the modulator is small, we write
~  («0 + An cos vt)^ — l4%o' +  A%' cos vt
which gives 2//oAn~ Ax'. Therefore the peak phase deviation is An«od/c,, which is just the 
value obtained by elementary considerations in which it is assumed that the modulation 
frequency is very small.
Two special cases of the general solution (14) are worth noting; these occur for vmdjc~ir 
and vmdjc=27T. In the first case, in which we have vriod/c~7i\ the modulation is a maxi­
mum. In the second case the .modulation is zero. For the constant phase type of 
modulator, the optimum length is therefore d—ncjvno, provided the modulator is not 
required to operate at a wide range of frequencies. The particular range depends upon the 
frequency distortion which can be tolerated.
4. Phase modulator in a passive cavity 
We consider a passive cavity with two infinite plane mirrors Mi and Mg separated by a 
distance L. Inside the cavity is a phase modulator region of variable susceptibility, as in 
figure I. The region of the phase modulator is defined by and its susceptibility
is x '~ X o '  +A x'cos vt. The othdr two regions of the cavity arc defined by 0 < z < /  and 
l-\-d<z<L  and have x' == 0.
In such a cavity we have two travelling waves, one travelling left to right and the other 
right to left. To simplify the mathematics the cavity is replaced by the ‘real’ cavity plus its
I
I
Figure 1. The passive cavity and modulator.
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Figure. 2. The cavity and modulator with their mirror image,
reflection in Mg the ‘image’ cavity, aS shown in figure 2. The wave travelling left to right 
starts at Mi and travels to Mg. It is then reflected in real space by Mg and becomes a wave 
travelling right to left, but in this representation it travels through the mirror image cavity 
from Mg to Mi'. The constant phase shift at Mg can be absorbed in the cavity length. 
In figure 2 the ‘real’ cavity is represented by regions 1, 2, 3 and the ‘image’ cavity by regions 
4 , 5 , 6 ;  the modulator is represented by region 2 and its image by 5. Self consistency 
requires that the electric field at Mi is the same as at Mi', that is A"(0)=.E'(2L); this gives 
the modes of the cavity. To find the field E(z) in the real cavity of figure 1, we must add 
the fields in the two appropriate parts of the cavity of figure 2 giving
Eiz)=E'(z)+EX2L~z)
where E  is the field in the real cavity and A' the field in our représentation of the cavity. 
We start with a wave in the region 0 < z < /
E '-E o ' exp i(wr+^i(z, i ) —z/c)
where t^ i is an unknown phase term. Using (14) we obtain the phase term in regions
3 and 4
t)~<l>A(z, f ) = 9& i{f-(no-I) dfc~zlc}-u>(nQ—l) d(c
+ i;[sin v(j‘+(/+c?)/e—nod/c-z/e}-sin  v{^+(/+</)/c“ z/c}].
Similarly, the phase in region 6 is given by
<fio{z, 1)=^ i{r-2(«o—1) djc—zjc) ~2m{m - 1 )  dfc 
T 7}[sin 2(«o^ 1) dfc->rllc~z}c}
—sin ™ (no - 1 )  r//c+ ( /+ d)!c—zjc)
4-sin v{t-'nQdlc+(2LL—l)fc~zlc) - 
-s i i i  v(^+(2L-'/)/c-z/c}].
The condition that the wave is a mode of the cavity is that J5''(0)=f'(27,), where we have 
ignored any phase shift at Mi, This condition implies that
^i(0, /) =  ^ c(2L, /) + 2rrp—2Loijc
Substituting for and equating the time-independent terms wewhere p is an integer, 
obtain
_  Trpc
" ^ ~ L H m - \)d '
Equation (15) gives the centre frequencies of the modes of the cavity and the mode 
spacing. Equating the time-dependent terms we get, with
(15)
^i{/ -  2L+ 2{m - 1) djc) -  ^ i(/ -  0 )= d> (say)
(p == — QJ [sin —2(«o ~ l)  dfc-hlfc—2L/c}
— sin >/{/"(/io~ 1) djc+(/+d)lc—2JLlc} 
4’Sm vxt—nodjc—1(c)
— sin v{t—llc}]. (16)
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The frequency of modulation is v. We shall consider the case when v is almost equal to the 
mode spacing. We define the detuning frequency Av by
, ■ ('')
assuming that (f>i(t) has the same frequency as the modulator (ie linear response).
By expanding equation (17) we obtain
LP(iiQ—l) d —{Trc/v)(l — àv/v). (18)
Substituting (18) into (16) we obtain
0  = + 27tA
Assuming that <f>i(t) is periodic in t with period l/v, that is ^i(f—2?r/n) = ^ i(/), we obtain
Using (19) and (16) we get 
where
[cos (p/c) (2(;?o~ 1) d + 2 L - l} -c o s  (v/c) {(»0 “ 1) d -(l+ d)+ 2L )
^ +COS (vie) (nod + 1)—cos vl/c]
and
[sin (v/c) {(no-1) ( /- ( /+  4 + 2 L )-s in  (v/c) (2 (/7q - 1) </-/+2Z,} ,
-sm  (f'/c) (no<7-J-/) + sin W/c]. 
Since (f)i is a function of t —z/c we can integrate (20) to obtain
= {go cos y ( / - z /c ) - 8 a sin ^ /-z/c)}. (2 1 )
Equation (21) gives the phase modiilatlon ih region 1, The phase modulation in any other 
region can be readily found. The; measurable quantity is the peak phase deviation which 
is given by
(22)■jwo'^ Av
Neglecting Av in (17) we can simplify So and Sg to get
Sc— 0
&a = (sin vljc -  sin v(nodp l)le}.
In this case (22) reduces to
For the special case no-1 we have v/cc^ tt/Z,, Now by introducing a function defined by
lO, otherwise
76 '
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5s~ J Ax'(g) cos (?rz/L) dz. _ (24)
This is just the coupling coefficient introduced by Harris and McDuff (1965), so that 
equation (23) reduces to the same form as their equation forT  in the linear theory.
g. A phase modulator in a ring laser cavity 
This travelling wave theory may readily be applied to the ring cavity shown in figure 3. 
We shall restrict our attention to the wave travelling in an anticlockwise direction, but we 
could equally well consider the wave travelling in the clockwise direction. The analysis 
proceeds as before.
M
 I — — 1 d h"'—
Figure 3. The ring cavity and modylator.
Thé total length of the cavity, that is for one round trip, is L  and we measure z  in the 
anticlockwise direction, z  being, the distance travelled round the cavity from the origin at 
Ml*. The modulator is in tlie region and in this case during one round trip the
wave passes through the modulator only once. The cavity is divided into three regions 
0 < z < / ,  and l-^d< z< L  denoted by regions 1, 2 and 3. Treating the problem
as above with the modified boundary condition J?(0, t)=E(Z,, r), we obtain the centre 
frequency cv of the modes and the phase modulation term ;
27rpc
where
and
^ l i t - zfc) =  {Ac cos y(t~zlc) -à a  sln v it-zle))
[cos v{//C“ (no—1) L/e}“-cos v{(/+<f)/c—Z./c}] 
[sin v{//e—(«0 —1) rf/c—Z./c}—sin v{(/+c/)/e—X/c)].
(25)
( 26)
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The peak phase deviation, P is given by
= 4 ^ ; ;  , (27)
Notice that for a two-mirror cavity F depends on / and d, while for a ring cavity P depends 
only on d: The difference arises because in a two-mirror cavity the wave passes through the 
modulator twice in completing one round trip of the cavity. For one round trip the 
modulator must have no net effect if the travelling wave is to be a mode. The effective 
modulation due to the two regions of modulation depends on their separation, and, since 
the separation depends on /, the phase deviation of the modes depends on /.
6. Conclusion
We have shown that for both two-mirror and ring cavities containing a phase modulator 
the axial modes of the cavity are phase modulated. Standing wave modes cannot exist in 
either cavity and the above approach emphasizes the travelling wave nature of the electric 
field. The modes form a family of phase-modulated travelling waves whose centre 
frequencies are equally spaced. The peak phase deviation P is the same for every mode 
and may vary over quite a wide range provided that the conditions imposed in obtaining 
the solution are not violated, The value of F obtained reduces to that of Harris and 
McDuff as a special case.
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APPENDIX A7
THE MEASUREMENT OF SPECTRAL LINE WIDTHS 
USING A SCANNING FABRY-FERQT IJITE REE ROME TER
A7.1 Theory
The Fabry-Perot in te r fer o m ete r  i s  a m u ltip le  r e f l e c t io n  in t e r ­
ferom eter w ith  two p a r a l le l  p lane m irrors. For p a r a l le l  l ig h t  a t  
normal in c id en ce  i t  has a tran sm ission  maximum when the w avelength  of 
the l ig h t  s a t i s f i e s  the co n d itio n
where X i s  the w avelen gth , L i s  the se p a ra tio n  o f  the m irro rs , and m 
i s  an in te g e r .  The sep a r a tio n  between su c c e s s iv e  maxima i s  most 
r e a d ily  exp ressed  in  terms o f frequency and i s  g iven  b y ,
” i f  ■
where Av i s  the frequency between s u c c e s s iv e  maxima (the fr e e  s p e c tr a l  
range) and c i s  the v e lo c i t y  o f  l i g h t .
In the scanning in te r fer o m ete r  one o f  the m irrors i s  tr a n s la te d  
along the a x is  through one or more h a l f  w avelengths so th a t the  
freq u en cies  o f  the tra n sm issio n  maxima are scanned through one or more 
fre e  s p e c tr a l ran ges. The w idths o f th^ tran sm ission  maxima are  
determ ined by the r e f l e c t i v i t y ,  the f la t n e s s ,  and the p a r a l le l is m  of 
the m irrors. F la tn ess  and p a r a l le l is m  u su a lly  become im portant when 
the m irrors have r e f l e c t i v i t i e s  grqater than about 95% (m u ltila y e r  
d i e le c t r i c  m ir r o rs) . Alignm ent o f  the m irrors req u ires  care to 
ensure th at the g r e a te s t  f in e s s e  i s  ob ta in ed  (fh e  f in e s s e  i s  the 
r a t io  o f the fr e e  s p e c tr a l  range to the h a l f  w idth o f  the tran sm ission  
maxima).
To measure the w idths o f  s p e c tr a l l in e s  o f  a complex spectrum  
usin g  a Fabry-Perot in te r fer o m ete r  the instrum ent i s  used w ith  a 
monochromator, to  sep a ra te  the s p e c tr a l l in e s .  The o p t ic a l
-7 9 -
arrangem en t used  in  th e  p r e s e n t  ex p e rim en ts  i s  shown in  f i g .  A 7.1 .
The sep a ra tio n  o f  the m irrors i s  chosen to  ensure th a t the fr e e  
sp e c tr a l range i s  about th ree  tim es the h a l f  w idth o^ the g a s-d isch a rg e  
l in e  to be measured (to  p reven t e x c e s s iv e  overlap  o f  the fr in g e s  and 
s t i l l  ensure th at the measured fr in g e  w idth i s  much la r g e r  than the 
in strum enta l w id th ) . The in t e n s i t y  o f  the tran sm itted  l ig h t  i s  
measured w ith  a p h o to m u lt ip lie r .
A7.2 Experim ental D e ta ils
The w idths o f  H and H. l in e s  have been measured u s in g  an in t e r -  a p
ferom eter w ith  s i lv e r e d  p la t e s .  The sep a ra tio n  o f  the p la te s  used  
fo r  th ese  measurements was 1 ,5 8  n.m , g iv in g  a fr e e  s p e c tr a l range o f  
95 The f in e s s e  ob ta in ed  u sin g  th is  in te r fer o m ete r  was low
(about 6 .3 )  bu t s i lv e r e d  m irrors were n ecessary  to en ab le  the Ha
(656 ,3  n .m .) and (486 .1  n .m ,) l in e s  to  be measured.
The in te r fer o m ete r  was scanned through about 1 .5  fr e e  s p e c tr a l  
ranges by ap p ly in g  a saw tooth waveform w ith  an am plitude o f  150 V 
(p eak -to -p eak ) to the p iezo -cera m ic  sta ck  on which one m irror was 
mounted. The saw tooth waveform was ob ta in ed  from an o s c i l lo s c o p e .
The output o f the p h o to m u lt ip lie r  was e ith e r  observed on the 
o s c i l lo s c o p e  or recorded w ith  a pen record er. The scan time was 
determ ined by the time con stan t o f the record in g  apparatus. With 
the pen recorder a r e s is ta n c e  ca p a c ity  f i l t e r  was used to g iv e  a time 
con stan t o f about 1 s e c  and the scan time was between 1 and 5 m inutes. 
The l ig h t  le v e l  i s  r a th er  low so th a t the shot n o ise  i s  q u ite  
la rg e  even w ith  a time co n sta n t o f  1 second . The scan of the Ha
l in e  in  f i g .  A7.2 i s  t y p ic a l  o f  the r e s u lt s  ob ta in ed  at a d isch arge  
current o f  40 A and a system  p ressu re  o f around 0 ,3  to r r . At lower 
d isch arge currents the l ig h t  in t e n s i t y  i s  l e s s  and the sh o t n o ise  
g r e a te r .
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in order to  ob ta in  the spectra ,! l in e  w idth i t  i s  n ecessa ry  to  
allow  fo r  the in stru m en ta l w idth  (which i s  about h a l f  the fr in g e  
w id th ) , To do th is  i t  was assumed th a t the in stru m en ta l p r o f i le  i s  
L orentzian  and the s p e c tr a l  l in e  p r o f i l e  i s  G aussian. The assum ption
of a Gaussian p r o f i l e  should  be v a l id  for the H l in e  and w i l l  be aa
f a i r  approxim ation fo r  the l in e  i f  the Stark broadening i s  sm all 
(as the r e s u lt s  in d ic a t e ) .  Ihe in stru m en ta l l in e  p r o f i le  i s  compared 
w ith  a L orentzian  p r o f i le  in  f i g .  A 7.3 . There i s  good agreement in  
the cen tra l reg ion  bu t in  the wings the L orentzian  p r o f i l e  i s  g rea ter  
than the measured p r o f i l e .  The s l i g h t  asymmetry i s  probably due to  
m isalignm ent o f  the Fabry-fPerot. A computer prograTïi (due to  M.H. Dunn) 
was a v a ila b le  fo r  c a lc u la t in g  the con vo lu tion  o f a Gaussian p r o f i le  
and a L orentzian  p r o f i l e .
The in stru m en ta l w idth was measured by scann ing an argon l in e  
a t  a w avelength  c lo s e  to the hydrogen l in e  to be measured. The argon 
l in e s  have a w idth 1 0  tim es l e s s  than the hydrogen l in e s  so t h a t ,  
fo r  our instrum ents the r e s u lt in g  l in e  p r o f i le  i s  a good approxim ation  
to  the in stru m en ta l l in e  p r o f i l e .  The measured fr in g e  w idth and the  
in stru m en ta l l in e  w idth are norm alized  so th a t the in stru m en ta l w idth  
i s  u n ity . The Gaussian w idth i s  then found u sin g  the graph o f  
f i g .  A7.4 which i s  a p lo t  o f  the h a l f  w idth of the con vo lu tion  o f  a 
Gaussian p r o f i l e  and a L orentzian  p r o f i le  a g a in s t  the Gaussian h a l f  
w id th ,w ith  a L orentz h a l f  w idth o f u n ity .
The measured h a l f  w idths o f  the H l in e  ranged from 22 tp 24 ,5Oi
GHz (0 .032  to 0 .035 n .m .) and the w idths o f  the l in e  from 30 to  
33 GHz (Q.023 to  0 .0 2 6  n .m .) a t  a d isch arge curren t o f 40 A and a 
p ressu re  o f 0 .3  to r r . No s ig n i f ic a n t  d iffe r e n c e  in  l in e  w idths was 
observed when the curren t was reduced to  25 A or t]ie pressu re  
in crea sed  to 0 .6  to r r . (The va lu es  s t i l l  lay  w ith in  the ranges 
given  above).
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The w idths o f  the 4 7 0 .2  n.m. and 518 .8  n.m. l in e s  o f AI and the  
480,6  n.m. l in e  o f  A l l  hav^ been measured u^ing a Fabry-Perot in t e r ­
ferom eter w ith  m u lt i- la y e r  d i e le c t r i c  m irrp rs, but o th erw ise  s im ila r
to  the in te r fero m eter  used to measure the H and H l in e s .  Thea p
f in e s s e  o f  th is  instrum ent i s  about 20 over the raage 470 -  515 n.m. 
and ra th er  le s s  a t 5 1 8 ,8  n.m. With such a h igh  f in e s s e  the „ 
in stru m en ta l broadening o f  the fr in g e s  i s  sm all and was ignored .
(The fr in g e s  have a w idth  o f  about o n e -th ird  o f  a fr e e  sp e c tr a l  
ran ge).
The w idths o f the 470 ,2  n.m. and 5 1 8 .8  n.m . l in e s  were 3 .32  GHz 
and 3 ,16 GHz a t  a d isch arge current p f 40 A and a p ressu re  of 0 .3  torr  
w ith  an u n certa in ty  o f  ± 5%. This i s  c o n s is te n t  w ith  the assum ption  
th a t the broadening i s  due o n ly  to the thermal m otion o f the atom s.
The w idth o f  the 470 .2  n.m . l in e  in c r e a se s  w ith  d isch arge current  
from 3 GHz to 3 .32  GHz as the curren t i s  in crea sed  from 25 to 40 A 
(a t  a pressu re  o f  0 .3  t o r r ) .  The h a l f  w idth o f  the 480,6  n,m« l in e  
i s  about 3 .5  GHz a t  40 A but the l in e  i s  too weak to be measured a t  
25 Ac
- 8 2 ”
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